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ABSTRACT 

The meteorit ic influx on the ea r th  is derived f r o m  measurements  of 

penetration of space vehicles, radio and photographic meteors ,  meteori te  

falls ,  Apollo asteroids ,  lunar c r a t e r s ,  and comets. The total f l u x  is some 

2 x g c m  sec  on the surface of a corresponding nongravitating 

sphere.  

t imes the continuous contribution that the Poynting-Robertson effect alone 

would demand to maintain the zodiacal light and cloud, i. e. , some 1 0  tons 

per  second for  quasi-equilibrium. 

- 2  -1 

Such a cloud is self-destructive by collisions. I t  requires  some 10  

This observational model is  consistent with the etching ra tes  observed on 

stone and i ron meteori tes  and on photographic meteoroids.  

vational and theoretical facts  indicate that the cloud up to m a s s e s  of about 

10 g i s  maintained by t l l ive t l  comets.  "Half-baked" asteroids ,  however, 

may compete with comets in contributing to the brightest  f ireballs.  The 

stony meteorites may be maintained by collisional spallation f r o m  ear th-  

crossing asteroids induced by sma l l e r  bodies, the Apollo asteroids  being 

derived f rom the asteroid belt by the gravitational effects of Mars .  

Various obse r -  

5 

The cometary meteori t ic  complex of sma l l e r  par t ic les  , carrying most  
5 of the mass ,  has a mean lifetime of some 1 . 7  x 10 yr .  Cer ta in  puzzles 

remain in the orbital  propert ies  of the Apollo as te ro ids  and of i ron  and stone 

mete o r  ite s . 

2 
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-. - a 
ON MAINTAINING THE METEORITIC COMPLEX 

F r e d  L. Whipple 

1. INTRODUCTION 

This paper concerns the "ecology" of the meteori t ic  mater ia l  in the so la r  

system, and involves i ts  immediate origin f r o m  l a rge r  bodies and some de- 

tails  of its dissipation. 

ma t t e r  with an immediate origin beyond the gravitational field .of the sun, 

nor is there  an indication of any accumulative processes  on smal le r  bodies 

The meteori t ic  complex is self-destructive. 

To date there  is no evidence for  any meteorit ic 

Comets provide a large known source of this sma l l  mater ia l .  We shal 

accept the icy comet model (Whipple, 1950), in which the comets produce 

meteori t ic  ma te r i a l  intrinsically by solar radiation, which, via sublimation, 

r e l eases  gas, dust, and finite-sized, low-density meteorit ic mater ia l  into 

the planetary region of the so la r  system. 

aa te r ia l  extrinsically by collisional spallation. 

l a r g e r  cornets that have somehow attained an aphelion distance wiihiii thz 

orb i t  of Jupiter can, indeed, leave finite inactive nuclei indistinguishable 

f r o m  the smal le r  as teroids .  

suggestion. 

point of view that i t  needs to be demonstrated a s  t rue o r  false,  not lightly 

accepted as probable. 

in the original development of the cometary nuclei themselves,  presumably 

Undoubtedly, comets can produce 

It is  not yet c lear  whether 

Opik (1963, 1966) has strongly supported this 

The possibility is s o  extremely important f r o m  an evolutionary 

It specifies important factors  and processes  involved 

This  r e s e a r c h  has  been supported i n  part by grants  NSR-09-015-033 f rom the 
U. S. National Aeronautics and Space Administration, A F  19(628)3248 f rom the 
U. S. Air  Force  Cambridge Research Laborator ies ,  and NAS 9-4873 f rom the 
NASA Manned Space Flight Center,  Houston, Texas. 

3 



in  the very ear ly  stages of so l a r  sys t em development. 

should make a special  e f for t  to demonstrate  e i ther  the existence o r  the 

absence of many pers is tent ,  i ne r t  cometary nuclei. 

In  other words,  we 

The asteroids  as well as comets  are  important in the meteorit ic complex, 

acting as a source of sma l l e r  bodies, presumably the meteori tes ,  by means  

of collisional spallation. We have no d i r ec t  knowledge that the l a r g e r  sa te l -  

l i tes  o r  Mercury may  not make intr insic  contributions to the meteorit ic com- 

plex by means of volcanic-type eruptions. Their  contributions by collisional 

spallation a r e  neglected in this discussion, although the moon may be a minor  

contributor. 

Among the outer satel l i tes  without a tmospheres ,  the asteroids  and the 

comets,  all significant physical p rocesses  known to date a r e  dissipative.  

We a r e  concerned with act ivi t ies  within the orb i t  of Saturn, and our attention 

will be concentrated mainly within that of Jupiter.  

ejection processes  and coll isional spallation mentioned above, other d i ss ipa-  

tive processes  include the elimination f r o m  the sys tem by gravitation, the 

capture by bodies with atmospheres ,  and the reduction to gas by various 
processes ,  including close approaches to the sun. 

believe that the so la r  wind will el iminate gases  a lmost  immediately f r o m  any 

pa r t  of the inner so l a r  system, while s o l a r  light p re s su re  will remove most  

small par t ic les  below a ce r t a in  s ize .  

Besides the intr insic  

There  i s  every reason  to 

This paper will f i r s t  t r e a t  in some detai l  the numerous dissipative pro-  

c e s s e s .  

the distribution of the meteori t ic  complex 

process  ra tes  insofar as they can be ascer ta ined a t  the present  time. 

Then follow a quick s u m m a r y  of the factual  knowledge concerning 

and a detailed discussion of the 

4 



2. DISSIPATIVE PROCESSES OF THE INNER SOLAR SYSTEM 

2. 1 Solar Radiation 

2.1. 1 Di rec t  light p re s su re  

Light p re s su re  in the sun on a spherical  particle of radius s and density 

p exceeds the solar  gravitational attraction when 

p s  < 5.8  x lo-’  8 cgs , (1) 

where 8 is the fract ion of the incident so la r  radiation effective in t ransfer -  

ring momentum to the particle.  

Although equation (1) is sat isf ied only for  submicron-sized particles of 

reasonable density and the value of 8 is highly dependent upon their  e lectr ical  

charac te r i s t ics  , the process  i s  responsible for  eliminating considerably 

l a rge r  par t ic les  when they a r e  injected into fai r ly  eccentr ic  orbits,  e.  g .  , 
comet  orbi ts .  A slight reduction in  the effective gravity because of light 

p r e s s u r e  throws them into hyperbolic orbits.  

by Harwit (1963), who shows that the smal les t  particles remaining in the 

so l a r  sys t em af ter  ejection a t  low velocities f r o m  Comet Encke would have 

rad i i  of the order  of a few microns,  and fo r  Comet Halley a few tens of 

microns .  

to those in short-period orbits and f o r  par t ic les  grea te r  than a few microns.  

The comets  of longer period, for  other reasons (Whipple, 1955), should not 

be able to contribute significantly to the zodiacal light. 

of light p r e s s u r e  i t  is not surpr is ing that the zodiacal light and the influx 
r a t e  of par t ic les  on the ea r th  become l e s s  significant a t  h w  masses of the 

o r d e r  of 10’loto 10-l‘ g, a s  is shown, for  example, in F igure  1 and d is -  

cus sed by Southworth (1964) 

This mat te r  has been discussed 

Thus, we should expect contributions f rom comets to be confined 

Because of the effect 

and Biermann (1 967). 

5 
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2.1. 2 The Poynting-Robertson effect 

Because of the momentum of light, i t s  reradiation o r  general  reflection 

f r o m  a particle in orbit  about the sun produces a retarding fo rce  on the 

motion, as described by Robertson (1937) in relativist ic t e rms ,  based upon 

an earlier suggestion by Poynting. 

(P-R effect) causes  a general  reduction in the eccentricity and major  axes 

of sma l l  bodies in orbi t  about the sun until, other c i rcumstances permitting, 

they sp i r a l  nea r  the sun to sublimate. The time of spiraling into the sun f o r  

a black, o r  perfectly reflecting, spherical  particle of radius s and density p 

in an orb i t  of perihelion distance q (in a. u. ) is given by the following 

equation: 

Thus , the Poynting-Robertson effect 

( 2 )  
2 7 sp i r a l  t ime = C(e)  p s  q x 10 y r  , 

where the factor C(e) depends solely upon the orbital  eccentricity e.  

coefficient is 0.70 f o r  a c i rcu lar  orbit, 1 .9  for  e = 0. 5, 7. 3 for  e = 0 . 9 ,  

and 28.9 for  e = 0.99 (see Wyatt and Whipple, 1950). 

that  for  ear th-crossing orbi ts  the mean lifetime by gravitational per turba-  

tions is of the o rde r  of 10 yr ,  and f o r  Jupiter it is 10 yr .  Hence, 

the P - R  effect  can be significant only for  par t ic les  of dimension 5 10 cm for 

ear th-cross ing  orbits,  and < 10-1 cm for  Jupiter-crossing orbits.  

This 

Opik (1963) has shown 

8 6 

2 .1 .3 Charge on par t ic les  

Solar radiation on an isolated particle can, by the photoelectric effect, 

impar t  a positive charge of a few electron volts (see Belton, 1967; Rhee, 1967; 

Singer, 1967). A charged particle then becomes susceptible to other physical 

f o r c e s  that may  interact  with its electr ical  charge. 

2. 1.4 Direc t  ma te r i a l  subiimation 

Near  the sun, sublimation of meteorit ic mater ia l  becomes significant 

( s ee  Kaiser ,  1967). 

7 



2.2  The Solar Wind 

2. 2. 1 Sputtering 

Wehner, Kenknight, and Rosenburg (1963) show that a so l a r  wind flux 
8 - 2  -1 -1 of 2 x 10 cm s e c  protons, moving with a velocity of 600 k m  s e c  with 

a normal  solar component of heavier ions, will produce a rad ia l  sputtering 

erosion of 0 .4  A y r  

than ea r l i e r  es t imates  (Whipple, 1955). 

sputtering by comparing its erosion rate  to the P -R  spiraling rate .  Le t  US 

adopt the Allen (1963) approximation fo r  the P-R effect  [C(e) q2 = 0 . 7  aq in 

equation (2)]  with q taken as constant. 

of 0 . 4  A y r - I  in  s the relation: 

-1 
f o r  i ron  o r  stony meteori te  sur faces ,  a sma l l e r  effect  

We can evaluate the significance of 

W e  then der ive for  a sputtering ra te  

1 - e)  - E - .  

112 ' 
ds - da 0.10 ( 

(1 - e2)  
S a (3) 

F o r  e = 0 the sputtering ra te  of loss  in radius  is  0 .  10, the ra te  of loss  

in the semimajor  axis ,  while f o r  e = 0. 5, 0.99, and (1 - b )  the factor  i s  
reduced to 0 . 0 6 ,  0 .007 ,  and 0 . 0 7  61'2, respect ively (6 << 1) .  

sputtering is not relatively important  in smal l -par t ic le  ecology. 

Hence, 

2. 2. 2 An injection p rocess  

The solar  wind makes  a minor  contribution of a nondissipative charac te r  

by injecting heavier a toms into the m a t r i c e s  of solids in space.  

the relative dear th  of heavier a toms compared to hydrogen, this contribution 

i s  sma l l  compared to the loss  produced at the sur face  through sputtering. 

Laboratory experiments  of such  trapping have been conducted by Buhler,  

Geiss ,  Meister ,  Eberhard t ,  Huneke, and Signer (1966). 

Because of 

8 



2.2.3 P r e s s u r e  on ions in space 

The so lar  wind by d i rec t  interaction and charge exchange with atoms o r  

molecules in space, coupled with the collisionless shock wave of magneto- 

hydrodynamic origin, can help produce and can force back ions in cometary 

Type-I tails. 

can escape eventual ionization by solar radiation, the so la r  wind acts  as a 

cleaning agent to eliminate all f r e e  gas f r o m  within the inner solar  system. 

Since no f r e e  atom o r  molecule within planetary distances 

2.2.4 P r e s s u r e  on meteori t ic  particles 

The solar  wind, because of i ts  relatively low velocity with respect  to 
-3 light, c a r r i e s  a small radial  p ressure ,  about 10 of that due to solar  radia- 

tion. The p res su re  effect of the solar wind can be neglected. 

2. 2. 5 Pseudo Poynting-Robertson effect 

8 - 2  -1 F o r  a proton flux of 2 X 10 protons c m  sec  a t  1 a. u. radially from 

the sun, the mass encountering a surface is 0 .22  of that contributed by solar  

radiation. F o r  total bulk interception and isotropic reradiation or  ejection, 

the pseudo P-R effect by the average solar  wind i s  then 0.  22 of that induced 

by soiar radiation. Hezce,  the solar wind increases  the normal  P - R  effect 

by 2270, o r  possibly more  for  charged par t ic les  or  those for  which diffraction 

reduces the effective a r e a  for  radiation (see Whipple, 1955, and Biermann, 

1967). 

2. 2. 6 Magnetic-field effects 

The existence of appreciable magnetic fields ca r r i ed  by the solar  wind 

and so la r  s to rms  may  produce significant forces  on smal l  isolated particles 

positively charged by so lar  photoionization. 

suggestion, and predictions of such effects on the motions of smai i  particles 

have been made  by Belton and by Singer (1 967). 

par t ic les  (I l p ) ,  

P a r k e r  (1 964) has made this 

F o r  extremely smal l  

there  a r e  a number of dissipative effects involving 
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e lec t r ic  charge and electromagnetic effects. 

because the predictions remain  difficult  and uncertain. 
We shall  not consider them he re  

2. 3 Miscellaneous Effec ts  

Opik (1951, 1956) has  discussed a number of dissipative effects on small 

par t ic les  in space,  including some depending upon rotation. Rotation can be 
s e t  up by particle collisions and by so1a.r radiation f o r  asymmetr ica l  bodies. 

Ir turn,  the rotation can make possible forces  normal  to the radius vector by 

interaction with par t ic les  and radiation. 

Yarkovsky effect. 

an electr ical  charge,  may explosively destroy a sma l l  particle,  especially if 

the particle i s  of low density and of weak s t ruc tura l  strength.  

The la t te r  i s  called by Opik the 
Also, Opik shows that a rapid rotation ra te ,  like too g rea t  

Since no detailed theories  suitable for  d i rec t  application a r e  available f o r  

these various processes ,  they will be ignored in this paper,  although it  i s  
not  impossible that they may be significant in space.  

2 .4  Collisional Effects 

2.4. 1 Meteoritic erosion in space 

Direc t  evidence f o r  e ros ion  of stony meteor i tes  in space can be deduced 
7 f r o m  the low exposure ages,  less than some 5 x 10 y r ,  obtained by m e a s -  

urements  of short-lived radioactive elements  produced by cosmic - r a y  

spallation. 

f o r  an i ron  meteorite.  

such  a s  Ar38 and radioactive isotopes such  a s  Ar39  (half-life o r d e r  of - 300 y r )  f r o m  heavier a toms in meteor i tes ;  the radioactive isotopes measu re  

the cur ren t  spallation ra te  due to cosmic  rays ,  and the s table  isotopes the 

total accumulation. 

calculated exposure age.  

the interval since the meteor i te  broke off f r o m  a much l a r g e r  body in which 

i t  had been protected f r o m  cosmic  r ays .  

The concept was f i r s t  presented by Whipple and F i r e m a n  (1959) 

Cosmic- ray  spallation can produce stable isotopes 

Combined, the ra te  and the accumulation lead to a 

At f i r s t  such  an exposure age was interpreted as 

On the e ros ion  hypothesis the 

I 
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ea r l i e r  grea te r  s ize  of the meteori te  reduced the accumulation ra te  of the 

stable isotope in the e a r l i e r  stages and lead to a shor te r  measured  exposure 

age. 

ray  intensity increases  with time. 

An alternative explanation can be made by assuming that the cosmic-  

F i r eman  and DeFelice (1961) suggested that stones exhibit much shorter  

exposure ages (< 5 X 10 y r )  than do irons because of their  g rea te r  friability 

and br i t t leness;  stones a r e  thus eroded more  rapidly than i rons by collisions 

with in te rs te l la r  dust .  

(1966). 
shor t  l ives deduced f o r  bright photographic meteors .  

bodies move in identifiable s t r eams ,  and those with aphelia within the orbit  

of Jupiter show no alignment of their  lines of apsides with that of Jupiter, a s  

is observed for  the asteroids  and might be expected for  bodies with lifetimes 

g rea t e r  than l o 4  to 10 

lose their  identification with s t r eams  over periods of the order  of 10 

Hence, i t  appears  that cometary meteoroids a r e  eroded a t  a ra te  of the order  

of a micron  per  year  in radius.  

7 

This thesis has been supported strongly by F i she r  

Whipple (1963) noted that erosion is a likely cause of the relatively 

Nearly half of these 

5 
y r .  Perturbations should also cause these orbits to 

4 
yr .  

These conclusions a r e  summarized in Table 1.  I assume that the 

encountering smal l  m a s s  knocks out 200 t imes i ts  m a s s  in iron, 1000 t imes in 

stone, and 3200 t imes in cometary i r ;c tzorn ids= 

the e ros ion  is caused by impacts with dust particles within Jupi ter ' s  orbit  

moving a t  an inclination of some 20" to the plane of the ecliptic (see,  e.  g . ,  
Southworth, 1967). At a mean collisional speed of some 10  km 

s e c  

par t ic les  (< l o 2  g )  is of the order  of 2 x 10 

ra te  of some 1 . 0  x 10 g c m  sec on the surface of a nongravitating 

sphere .  At the ea r th  the space density and influx ra tes  should exceed the 

average by a smal l  factor .  

the scat ter ing and diffraction of sunlight observed in the zodiacal light and 

the Fraunhofer corona. 

We can fair ly  assume that 

-1 fo r  average encounters in this region, the mean density of smal l  
- 2 2  g ~ m - ~ ,  and provides an influx 

-1 6 - 2  -1 

Presumably this dust  is the mater ia l  that produces 



Table 1. Erosion in space 

Exposure age (yr)  

Etching rate 
( c m  yr-1)  

Etching rate 
(g cm-2  sec-1) 

Impact rate 
(g cm-2 sec-1) 

* 
** ave rage life t ime 

p = density 

Irons 

8 - 5 x  10 

5 x 

1.3  1 0 - l ~  

6 x 

Stones Cometary me teo r s  

- 10 4 *  

20 1 0 - l ~  

I t  must  be noted that the calculated and cr i t i ca l  erosion rate  for  stones 

is proved unless one of two assumptions is made: 1)  that no stony meteori tes  

were broken to c r o s s  the ea r th ' s  orbit  p r ior  to 50 million y e a r s  ago, o r  2) 

that cosmic radiation has increased markedly in this period of time. 

2.4. 2 Larger  body collision 

Grinding effects  due to collisional spallation must  occur  among the 

la rger  bodies of the asteroid belt, including the Mars-cross ing  and the ear th-  

crossing asteroids.  Piotrowski (1953) has  shown that within the asteroid 

belt the continuous grinding should lead to a distribution of particle s ize  

giving a population index of S = 2. 

The population index S applies to a distribution of particle s izes  following 

an inverse power law of the dimension, where the cumulative number l a rge r  

than a given radius S J  a r e a  A, o r  m a s s  m is given in the f o r m s  s-', A 

o r  m -'I3. The distribution of the observable as te ro ids  (Kuiper, Fujita,  

Gehrels,  Groeneveld, Kent, van Biesbroeck and van Houten, 1958) indicates 

that Piotrowski's Law, although not completely proved theoretically, is 

not f a r  f r o m  observation. 

- S f 2  
J 

F o r  a population index S = 2, the integrated a r e a  

12 



of bodies in any logarithmic s tep in dimension is constant, s o  that integration 

to diffraction-limited small-particle s izes  does not lead to excessive surface 

a rea .  Hawkins (1960) shows that this comminution law in ball mills for rock 

crushing begins a t  f i r s t  breakage with S = 2, and proceeds to approximately 

S = 3 for  continued crushing. 

In hypervelocity-impact breakage, Gault, Shoemaker, and Moore (1 963) 

measure  the distribution of particle s izes  resulting for a basalt  target.  

find that the ratio of the total m a s s  of the c r a t e r  mater ia l  to that of the pro-  

jectile at 14. 1 k m  sec  

the total m a s s  ejected is  approximately 5 = 27 and a population index S = 2.4 

f o r  the broken fragments.  

30%, due mostly to evaporation. 

available to the wri ter ,  they will be adopted a s  applicable to collisional 

spallation by hypervelocity impact on stony meteorit ic bodies in space. Since 

i t  appears  quite possible that the meteori tes  falling on the ea r th  have been 

dislodged f r o m  ear th-  c ros  sing asteroids by hypervelocity impacts, this 

possibility will be considered in subsequent discussions.  

They 

-1 
is 9 l o 3 ;  the inverse rat io  of the largest  fragment to 

They find that various losses  amount to some 

Since these measu res  a r e  the only ones 

That the moon contributes appreciably to the meteorit ic complex in space 

is,doubtful. 

a d i rec t  lunar contribution to the phoiographiz z e t e c r s .  

Arnold 's  (1965a, b) discussion of orbital changes produced for such particles by 

e a r t h  perturbations makes a definitive answer somewhat l e s s  c lear-cut  until 

m o r e  prec ise  orbi ts  have been determined for  meteori tes .  

convincing evidence is accumulated, I prefer  to ignore this probably smal l  

source  of mater ia l .  

We (Jacchia and Whipple, 1961) find no significant evidence for 

On the other hand, 

Unless more  

2. 5 Gravitational Effects 

Upik (1963) has  developed a theory showing the gravitational effects that 

a planet exer t s  on the orbi ts  of bodies crossing the orbit  of the planet in 

question. 

which can  resu l t  in ejection o r  the shifting of the orbits to c r o s s  those of 

Close approaches produce large changes in the orbital  elements,  

13 



other planets. 

endings to this stochastic process .  

the ea r th  o r  Venus, he finds a mean life of the order  of 1 .0  x 10 

usually results in capture.  

siderably la rger ,  some 6 x 10 

means that objects in Mars  -crossing orbits have not been drast ical ly  reduced 

in number by Mars  since the formation of the solar  system, some 4 . 7  X 10 

ago. F o r  ear th-crossing orbi ts ,  Arnold (1965a,b) has demonstrated by Monte 

Carlo calculations the validity of Opik's theory. 

is of the order  of 10 

system. 

Captures by the planets o r  by the sun a r e  other possible 

F o r  objects in orbits crossing those of 
8 y r ,  which 

F o r  Marsathe corresponding mean life is con- 

y r ,  again usually resulting in capture;  this 9 

9 
y r  

F o r  Jupiter, the mean  life 
6 yr  and is quite likely to resul t  in elimination f r o m  the 

Opik further shows that objects in purely Mars-cross ing  orbits have a 

To finite probability of being moved into orbi ts  crossing that of the ear th .  

maintain a population in ear th-crossing orbi ts  with a mean life of 10 

Opik finds that some 300 t imes that many objects must  continuously exis t  in 

orbits that c ros s  only the orbi t  of Mars .  

8 
y r ,  

It i s  generally recognized that the comets of short  periods ( l e s s  than 

100 y r )  a r e  captured f rom highly eccentr ic ,  randomly inclined orbits by 

planetary perturbations, p r imar i ly  by Jupiter. These perturbati3ns lead to 

direct-moving orbits with mean inclinations of the o rde r  of 30" to Jupi ter ' s  

plane of motion; the aphelia tend to be concentrated near  and beyond Jupi ter ' s  

orbit .  
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3. THE APOLLO ASTEROIDS, COMETS, AND LUNAR CRATERS 

3.  1 The Apollo Asteroids 

To f o r m  any judgment as to the asteroidal  o r  cometary origin of the 

ear th-crossing o r  Apollo asteroids ,  we must  f i r s t  es t imate  their  nurnbers. 

Opik (1963), on the basis  of observational c i rcumstances,  es t imates  39 of 

diameter  exceeding 1 . 0  km. Whipple (1966a) notes that none of the 8 d is -  

covered Apollo asteroids  has  been rediscovered by chance. 

probability of 0.50 that the total number does not exceed 43, and 0 . 7 5  that 

there  a r e  fewer  than 100 in all. 

as teroids  of absolute magnitude < 18. 2 (apparent magnitude a t  the hypothetical 

distances of 1 a .u .  f r o m  both sun and ear th) .  

This leads to the 

Here I shal l  assume that there a r e  50 Apollo 

The m a s s e s  of smal l  as teroids  c a n  be estimated only from their magnitudes 

by assuming both albedos and mean specific densit ies.  

-- et  al .  (1958) the lunar Bond albedo of 0.07 and a density of 3 . 5  g ~ m - ~ ,  

leading to a radius of 10 k m  f o r  an absolute magnitude of 12.0, and to a 

radius  of 0.58 k m  and m a s s  of 10 1 5 ' 4 5  g f o r  the lower m a s s  l imit  of the 50 

assl-lrlled Apnllo asteroids .  

there  a r e  no measu res  whatsoever for  the albedos of smal l  as teroids  o r  the 

nuclei of smal l  comets. 

producing a possible uncertainty in radius by a factor of 3, o r  in m a s s  by a 

factor of 30. Possibly the albedo is  underestimated because darkening of the 

surface m u s t  occur by solar  wind ions. No  darkened particles knocked off a 

sma l l  as te ro id  by collision can be recovered, as is usually the case fo r  the 

moon. 

moon. 

I adopt with Kuiper 

Enormous uncertainty lies in these values because 

The albedo might lie in the range f rom 0.03 to 0. 30, 

Hence, the darkening process  may be l e s s  pronounced than for the 

F igu re  1 depicts the influx ra te  on the surface of a gravitatiunless 

8 
sphere  in  an earth-like orbi t  for the assumed 50 Apollo asteroids  of 

m a s s  > 1 0  15*45 g with an assumed mean life for  ea r th  crossing of 10 yr  

15 



-1 -1 (19 km s e c  and a mean encounter velocity of 15  k m  sec  on the ear th) .  

The cumulative influx ra te  f o r  masses exceeding 10 15.45 g is 
- 2  -1 s e c  -32.7 cm . The population index i s  not well enough known f o r  10 

these objects to provide a flux-mass curve,  although Opik (1963) es t imates  

S = 2.7.  

Minimum diameter  (km) 

To conclude that the M a r s  perturbations on Mars-cross ing  as te ro ids  

cannot produce enough Apollo as te ro ids  to maintain the quasi-equilibrium 

numbers ,  Opik extrapolates the observed number of much l a r g e r  M a r s -  

crossing asteroids  to the small as teroids .  

probably complete to a d iameter  of 10 to 30 km. 

(m -” 53 law) to give the extrapolation in the third row of Table 2. 

d iameter  > 1.05 km, some 300 X 50 = 15 ,000  Mars-cross ing  as te ro ids  are  

required.  

and for  S = 2.4 (m 

fo r  l a r g e r  as teroids .  

a m o r e  than adequate number would be provided. At  S = 2, perhaps the bes t  

p resent  es t imate  available, the observed and calculated numbers  are in f a i r  

ag r e  e m e  nt . 

At Mars, the observations are 

Opik a s sumes  S = 1.6  

At  

Table 2 shows the extrapolation fo r  S = 2.0 (m -2’3 law in line 4)  

Kuiper e t  al.(1958) find 1 .6  < S < 3.0 law in line 5).  -- 
At S = 2. 7, as assumed by Opik for  the Apollo as te ro ids ,  

>68 34 17 2. 1 1 .05  0 .  52 

Cumulative number 

Table 2. Distribution of M a r s  as te ro ids  

Observed number 

-0.53 Opik m 

law m 

m law 

-213 

- 0 . 8  

1 5 11 22  31 32 33 34 

1 5 15 45 135 405 1215 3645 

1 4 16 64 256 1024 4096 16400 

1 5 28 147 776 4100 2 x  l o 4  1 x l o 5  

On the basis  of these considerations alone I do not fee l  that  it is neces-  

s a r y  to assume that old inactive cometary  nuclei m u s t  be postulated to supply 

the observed Apollo as te ro ids .  Other  aspec ts  of the problem will be taken up 

in la te r  sections. 
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3.2 Cometary Nuclei 

The bas is  for  the point comets  in Figure 1, the cumulative f l u x  r a t e  

f o r  cometary nuclei, has been presented previously (Whipple, 1966a). The 
-1 evaluation is highly uncertain. 

apparitions of comets with perihelion distance f 1 a.  u. and absolute magnitude 

H 5 6 . 0  (H = apparent magnitude at  1 a. u. f r o m  e a r t h  and sun on the basis  

of an inverse-square law of brightness variation f r o m  the ea r th  and an inverse-  

fourth law f r o m  the sun). 

relation 

I adopt a total  ra te  of 1 / 3  comet y r  

The corresponding mass is calculated by the 

log mass = 21.34 - 0.6  H (cgs) , (4 1 

based on Opik's (1963) relation for  a specific density of 1 . 3  g ~ m - ~ .  

ra te  of influx is based on two crossings p e r  apparition of a comet on a sphere 

of a r e a  2 ~ r  ( a .u . )  . 

The 

2 

3 .3  Lunar  C r a t e r s  

The moon is a "proving ground'' for natural  interplanetary missi les .  

The distribution of pr imary  lunar craters  (F igure  1)  has become available 

f r o m  the remarkable  Ranger photographs, made by the U. S. National 

Aeronautics and Space Administration and the Je t  Propulsion Laboratory. 

Here the measu res  and calculations by Kuiper, Strom, and LePoole (1966) lead 

to the cumulative number N, corresponding to impacting m a s s e s  exceeding 

m g r a m s  given by 

log N = - 25.14 - 0.49 log m (cgs)  , ( 5 )  

on the lunar  m a r i a  for  m > 
4 X 10 

m lo8-  g with about twice the above slope. Below what mass o r  c r a t e r  

g (Figure 1). I assume here an age of 
9 y r  for  the impacting interval. Kuiper e t  al. (1958) find a curve for 
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size  overlapping and destructive c ra t e r  effects predominate is a mat te r  of 

opinion, although m = l o8 '  

limiting mass  is possible. 
g is suggested by the data. A much l a rge r  

The dotted curve labeled "All Lunar Cra t e r s "  in Figure 1 is based on 

Shoemaker 's  (1965) c ra t e r  counts on Ranger 7 photographs of Mars  Cognitum, 

and on Shoemaker, Hackman, and Eggleton's (1961) observation that for  high- 

energy t e r r e s t r i a l  explosion c r a t e r s  the c ra t e r  diameter  and explosive energy 

a r e  fairly well connected by the relation 

c ra te r  diameter  = 0.00230 W 1 j 3  (cgs)  , 

-1 where W is the kinetic energy a t  a velocity of 15 k m  sec  

cumulative frequency distribution for  a l l  c r a t e r s  is 

log N = - 23.  3 - 0 .6  log m (cgs)  . 

(6)  

The resultant 

The apparently perfect  agreement  in Figure 1 between the calculated 

impact ra tes  f o r  lunar c r a t e r s  and the Apollo asteroids  is, of course,  

fortuitous. 

calculated masses ,  not to mention uncertainties concerning the ages of the 

lunar mar ia .  

One may  conclude tentatively that ' ' l ive'1 comets do not contribute much to 

the formation of lunar c r a t e r s ,  although this conclusion is by no means 

definitive. Figure 1 tells  us nothing about the frequency of "old" comet nuclei, 

but does suggest that the supply of Apollo asteroids  has been fair ly  stable f o r  a 

significant astronomical interval.  

be dealing with a quasi-stable distribution of l a rge r  bodies in the meteori t ic  

complex . 

Uncertainties of m o r e  than an o r d e r  of magnitude exis t  in the 

Even grea te r  uncertainties apply to the comets point in Figure 1. 

This gives us  some confidence that we may 
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4. THE METEORITIC POPULATION OF SMALL BODIES 

This section has  been intentionally curtailed because of the comprehen- 

sive coverage of the subject by Millman (1967). 

2 In Figure 1, the impact r a t e s  f o r  meteorites of m a s s  > 10 

on est imates  by G. S. Hawkins (1960) (GSH) and by Harr i son  Brown (1960) 

(HB), both est imates  here  being corrected f r o m  t e r r e s t r i a l  falls  to outside 
the ea r th ' s  atmosphere by an ablation correction of five t imes.  

impact r a t e s  become 

g are based 

The cumulative 

(GSH) log N = - 18.67 - log m (cgs)  , (8)  

(HB) log N = - 20.54  - 0.77 log m (cgs)  . ( 9 )  

F o r  the meteors  in the m a s s  range f r o m  to l o t 2  g, I adopt a s  the 
cumulative influx ra te  

log N = - 18.30 - 1. 34 log m (cgs)  . 

This equation is taken f r o m  a recent  compilation (Whipple, 1965) with a 

cor rec t ion  of a factor of 2 in number to allow for ea r th  shadowing in the 

original equation, and a factor of 1/  1 .3  to allow for the effect of the gravita- 

tional attraction of the moon as compared to that of the ear th  (velocity a t  
-1 e a r t h  = 22  k m  sec  The coefficient of 1. 34 ( S  = 4) for  log m is  based upon 

the photographic meteor  studies of Hawkins and Upton (1958), consistent with 

determinations f o r  visual meteors  by Millman and Burland (1957). 

luminous efficiency fac tor  f o r  photographic meteors  has been determined 

f r o m  ar t i f ic ia l  me teo r s  and recognized asteroidal  meteors  by Cook, Jacchia, 

and McCrosky (1963), leading to a cometary meteoroid density of 0.44 g c m  

). 

The 

- 3  
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The mass  determination is in  fair agreement  with m o r e  recent  determinations 

by Verniani and Hawkins (1  964) based upon radio-meteor observations in  the 

Harvard Meteor P r o g r a m  and f r o m  calculations of ionizing efficiency. 

Undoubtedly the meteor  influx curve is not a s t ra ight  line in the log N -  

log m plane, and radar -meteor  data  generally give a smaller value by about 

a factor  of 10 than that of equation (10)  for  m a s s e s  below to 10 g.  
The calibration of the radio-meteor  mass sca le  is particularly difficult, as 
is the correction a t  small velocit ies f o r  the electron-production function and 

a t  high velocities f o r  the electron spreading in the high atmosphere.  

the radio-meteor data  a r e  well calibrated at faint optical magnitudes, I will 

have little confidence in the absolute values of the mass f l u x  deduced f r o m  

radio data. 

optimization in the middle -velocity range. 

over the ear th ,  on the other hand, can generally be well determined f r o m  

radio data. 

- 2  

Until 

Orbital  data  are s imilar ly  prejudiced by this observational 

Temporal  and spacial  variations 

-6 -10 In the mass range f r o m  10 g to 10 g,  the penetration data in space 

f r o m  the NASA Explorer  and Pegasus probes a r e  remarkably consistent and 

apparently m o r e  precisely calibrated than any other data  used fo r  Figure 1. 

I have adopted the direct ly  reduced data  by Naumann (1966), f r o m  the pene- 

t ra t ion experiments, as the mos t  complete and sat isfactory.  They a r e  

corrected to deep space near  the e a r t h ' s  o rb i t  by a fac tor  of 1 /1 .  3 in  N f o r  

e a r t h  attraction, and by a fac tor  of TT to  correspond to ~ T T  s t e r  of exposure 

on an  open sphere.  

to 

The Explorer  and Pegasus  data a r e  fitted by leas t  squares  

log N = - 13.85 - 0. 51 log m , (1 1) 

-5.  36 and labelled "Penetration" in  F igure  1 in  the range < m < 10 g. 

F o r  comparison, van de Hulst ' s  (1947) or iginal  es t imate  based on his 

theory of the zodiacal cloud is plotted f r o m  the equation 
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log N = - 14. 50 - 0 . 6 6  log m ( c g s )  . 

The agreement  between the "Penetration" and the "van de Hulst" lines 

is  ra ther  striking, if fortuitous. 

f r o m  theories  of the zodiacal cloud, note Figure 1 and r e fe r  to Millman 

(1967) and Proceedings of the ZLIM Conference (to be published). 

F o r  the much wider range in particle flux 

I have left out of consideration the near -ear th  acoustic measu res  of 

impacts by rockets and satel l i tes  and the collection data, a s  they a r e  o rde r s  

of magnitudes grea te r  than the apparently reliable penetration data. 

la t ter  and the meteor  data lead to a total influx rate  of small par t ic les  

amounting to 1 .6  X 10 g c m  ( 2 ~ r  s t e r )  s ec  . At an impact velocity 

The 

-16 - 2  -1 -1 

of 15 k m  sec  -1 , this corresponds to a space density p = 4 x 10 - 22 g c m  - 3  

near  the ear th ' s  orbit .  This influx and space density a r e  consistent with the 

e ros ion  r a t e s  observed f o r  irons,  stones, and cometary meteoroids as  indi- 

cated above in Section 2.4. 1. 

F o r  future discussions I shall  adopt the "Penetration" and "Meteors" 

curves  (equations (10) and (11)) in Figure 1 f o r  other basic  calculations 

without a specific lower cutoff in mass. 

par t ic le  m a s s e s  in the neighborhood of 

The discontinuity a t  m = The use 

of s t ra ight  l ines in the log N - log m plane simplifies calculation, and we have 

inadequate data to produce a proper  curve. 

near  10-l '  g suggests a curvature that in Naumann's solution leads to an 

absence of par t ic les  much smal le r  in  mass ,  consistent with the solar-l ight 

p r e s s u r e  theory f o r  the partially opaque dielectr ic  par t ic les  that we might 

expect. 

Most of the m a s s  is contributed by 

to g, l ess  than 0.1 c m  in radius.  

g cannot be physically significant. 

The flattening of the observed curve 
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5. MASS INPUT REQUIRED TO MAINTAIN THE ZODIACAL CLOUD 

5. 1 Classical  Viewpoint 

We must assume that only very small particles a r e  significant in pro-  

ducing the diffraction, scattering, and reflection of sunlight that provides 

the zodiacal light, and we have seen that the m a s s  influx to the ea r th  is 

car r ied  pr imari ly  by par t ic les  l e s s  than 0.  1 c m  in radius.  

particles were undisturbed by sputtering o r  mutual collisions, they could 
sp i ra l  toward the sun by the P-R effect. 

requires  a continuous contribution of only about 1 ton s e c - l ,  regard less  of 

particle size or  density if  the necessary par t ic les  a r e  somewhat l a rge r  than 

the wavelength of light. In fact, however, collisions and particle breakup 

will increase the quasi-equilibrium input ra te  (Whipple, 1955), while the 

problem is  quite complicated by the possible need for  submicron par t ic les ,  

which appear to be eliminated rapidly by both light p re s su re  and so lar  wind. 

If a l l  the small 

This I have shown (Whipple, 1955) 

5. 2 Total Mass of the Zodiacal Cloud 

Once we have determined the total m a s s  of the zodiacal particulate cloud, 

we can determine the needed input ra te  by calculations of the particle l i fe-  

t imes.  

of 3.5 a. u. radius about the sun within i < 20" of the ecliptic, the total m a s s  

of the zodiacal cloud becomes 4 .5  x 10 

-22 - 3  If we assume a mean space density of 2 x 10 g c m  over a volume 

19 
g. 

We may make another es t imate  f o r  those par t ic les  with perihelion d is -  

tance of < 1 a .u .  

will intercept a fraction 1. 3 (R)  / l .  5 (2  s in  i) ( a . u . )  y r  

sec  . At an influx rate of 1. 6 x 10 g c m  sec  , this leads to a 

total m a s s  of 1.1 x 10'' g for  the zodiacal cloud (q < 1) .  

F o r  a mean orbi ta l  period of 3 y r ,  the e a r t h  of radius R 
2 2 - 1  -17 

, o r  7 .  2 X 10 
-1 -16 - 2  -1 
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Since the f i r s t  es t imate  of 4. 5 X 1019 g is probably too high, the outer 

region probably being l e s s  dense, and since the la t ter  es t imate  of 1.1 x lo1’ g 

is too low as q > 1 a.u.  f o r  perhaps half the mass ,  a reasonable es t imate  is 

perhaps 2. 5 x 1019 g for  the ent i re  cloud. 

5 

f o r  the ent i re  cloud. 

F o r  a mean  life of 10 y r ,  this mass  corresponds to a total influx ra te  
-1 of 8 tons sec  By the pure P -R  effect a particle of 

density 1 g cm-3 in an orbi t  of q = 1 a.u. and e = 0. 5 [C(e) = 1.921 with a 

life of 10 

on the measured influx r a t e s  of particles on the ear th ,  a r e  encouragingly 

close to the classical  calculation of 1 ton sec  total input to the zodiacal 

cloud. 

5 y r  would have a radius of some 52 p. 

-1 

These calculations, based 

We have noted above that for  particles of microns o r  grea te r  in 

dimension the so la r  wind increases  the pure P-R effect by some 22y0, and 

so la r  wind sputtering reduces the radius at a ra te  10% o r  l e s s  of the ra te  of 

decay in perihelion distance. 

appear not to be significant. 

30% and compare collisional lifetimes with the P-R lifetimes for  smal l  

par t ic les .  

the zodia..cal cloud. 

the actual  production of the zodiacal light. 

Other dissipative effects except collisions 

Let  us then adopt the P-R effect increased by 

In this manner  we can estimate the input m a s s  ra te  to maintain 

Later  we can consider likely sources  of mater ia l  and 

5. 3 Collisional Loss Rates for  Small Par t ic les  

When the observed flux of particles a t  the ea r th  is known, it is 

relatively straightforward to calculate the ra te  of collisional destruction a s  

a function of particle size.  

mean  life f o r  average par t ic les  that can then be used to calculate the required 

input r a t e  fo r  the zodiacal cloud. 

This combined with the P-R effect provides a 

The collisional l o s s  ra te  for  small  par t ic les  must  be considered a s  

made  up of two par ts ,  erosion and collisional destruction. 

graphic meteorids,  in the m a s s  range 10 to 10 g, the erosion constitutes 

F o r  bright photo- 
-1 
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essentially the total effect ,  

because most  of the m a s s  is concentrated in much smal le r  par t ic les ,  a t  l eas t  

i f  S > 3, a s  we have assumed ( S  = 4) .  

radii ,  destructive collisions with particles of m a s s  > m/+  must  be considered 

separately f r o m  the erosion by par t ic les  of m a s s  < m/+.  

destruction effect  is now considered. 
-2  -1 -1 m a s s  > m be N cm sec   I IT s t e r )  , where 

a s  we already assumed ea r l i e r .  This is 

Thus, as we go to smal le r  particle 

The collisional 

Let the cumulative flux rate  f o r  

and p = S /3 .  

2/3  The collisional a r e a  of a spherical  particle of density p is A m  , 
where A = ( 3 4 ~ / 4 p ) ~ / ~ .  I adopt the c ros s  section of the l a rge r  particle for  

completely destructive collision when the mass rat io  of the two par t ic les  is 

l e s s  than 9. F o r  destructive collisions of a particle of m a s s  m, with 

sma l l e r  particles to a lower limit m 

a r e a  i s  then 

the integrated f l u x  in cross-sect ional  0’ 

m 

f l u x  a r e a  = A m  d m  = AKm2l3 (mip - m-’) . (14 )  
m 

L F o r  destructive collisions of l a rge r  par t ic les  up t o ’ m a s s  = m 

2’3) with m a s s  m, the flux a r e a  is s imi la r ly  L ( a r e a  = Am 

2 1 3  -”) , 
(2 /3  - P)  f l u x  a r e a  = 

s o  long a s  p # 2 / 3 .  
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g, f r o m  Figure 1 and equation ( l l ) ,  
-5.36 In the m a s s  range m < 10 

- 2  -1 -1 I adopt p = 0.51 and K(obs) = 10 -13.85 g c m  sec  ( Z T T  s t e r )  . However, 
K(obs) must  be corrected by a factor  of 1 / 1 . 5  f rom a velocity of 15 k m  sec  

-1 
near the ear th ' s  orbi t  to the adopted mean collisional value of 10 k m  sec  , 
and by a factor  of 4 to include 4 n  s t e r  of flux. 

total 2.rr s t e r  of flux falls  on an a r e a  of 47~ s 2 ,  but 

to n s  . 

-1 

F o r  a sphere of radius s, the 

corresponds only 
2 

Also,I co r rec t  K by a factor  of 1 / 2  to allow for  a lower average 
-5.36 space density than near the ea r th ' s  orbit. Hence,for m < 10 

- 2  -1 -3 
K = 10 g 

g, 
c m  sec  ( 8 ~  s te r ) - '  and p = 1 g c m  . -13.73 0.51 

g, I adopt = 1.34, p = 0.44 g ~ m - ~ ,  and -5.36 F o r  m > 10 
-1 -1 log K = -18.18 m 1.34 cm-' s ec  

low-density par t ic les  I adopt C+ = 3200, corresponding to destruction by 
-1 

collision with a particle of m a s s  > m/3200 a t  a velocity of 10 km sec  

Limiting the encounter a r e a  only to the c ros s  section of the l a rge r  particle i s  

a compromise,  since the a r e a  for comparable par t ic les  i s  l e s s  than 4 t imes 

the adopted value, and the a r e a  i s  overestimated when the radii  a r e  highly 

different. 

bution to the zodiacal cloud of the smaller  fragments introduced by collisions. 

This effect  is doubtless significant. 

(8~r s t e r )  . F o r  all values of m for  these 

. 

Unfortunately, I have not had sufficient t ime to include the contri-  

F o r  colliding par t ic les  of m a s s  < m/3200, simpie e ros io i i  is ~ S S U I T ~ P ~  a t  

a ra te  of 3200 t imes the integrated mass  of the smal l  particles.  

5 .4  Calculation of Par t ic le  Lifetimes 

Three  different  kinds of l ifetimes a r e  now involved in our calculation: 

= P-R spiraling lifetime (reduced by 30% f r o m  equation ( Z ) ) ,  *' TPR 
where 
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and 

T = 1 . 5 2 m  "3 - 10 7 y r  for  m >  10 -5.36 g *  PR 

B. T = erosional  lifetime, where the total mass encountered a t  e 
individual m a s s e s  < m/3200 is assumed to erode 3200 t imes i t s  m a s s  f r o m  

the l a rge r  particle.  

T C .  = collisional mean life equal to the t ime required for  the flux 
C 

a r e a  (equations (14) and (15)) to equal unity. 

should survive i f  -rPR = T~ = co. 
Hence, e -Tc  of the par t ic les  

In combining these three  types of l ifetimes,  I have f i r s t  calculated an  

intermediary lifetime T~ f r o m  T 

by erosion, where 
Of TPR 

and T ~ ,  corresponding to the reduction PR 

PR Te 

TPRtTe 

T 
7. = 

Finally, the destruct ive probability given by T~ i s  combined with T. 

to give the final mean lifetime T in the f o r m  
1 

The average lifetime T of the en t i re  zodiacal cloud is then the complete 

integral  ratio 
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The resu l t s  of the calculations a r e  shown in Table 3. 
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Table 3. Distribution of masses  and lifetimes 

Par t ic le  
radius (cm) 

log s 

-4.21 

-3.87 

-3.54 

-3.21 

-2.87 

-2.54 

-2.21 

-1.76 

-1.42 

-1.09 

-0.76 

-0.42 

-0.09 

to. 24 

to. 58 

to. 58 

P e r  cent 
m a s s  

~ o - O . ~  m to 

1 0 ~ ~ * ~  m 

0.02  

0 .04  

0.14 

0.44 

1 .4  

4 . 2  

12.9 

40.9 

21.5 

10.0 

4 .6  

2.2 

1.0 

0.5 

0 .2  

0 . 2  

3.06? 

3.40? 

3.73 

4.06 

4.40 

4.73 

5.06 

5. 51 

5.85 

6. 18 

6. 51  

6.85 

7.18 

7. 51 

7.85 

Lifetimes (yr )  

Eros ion  
log Te 

6.70 

6.54 

6.39 

6. 23 

6.07 

5.92 

5.76 

5.61 

5.45 

5. 29 

5.14 

4.97 

5. ii 
5.45 

5.76 

4 
Weighted mean  life of a l l  par t ic les ,  T = 8. 3 x 10 yr .  
.I. 1. 

F r o m  equations (1 6a, b) .  

F r o m  equations (17), (18), (19). 
rl, J. 1.1. 

Collision 
m e  an 
log T 

C 

5.92 

5.84 

5.76 

5. 65 

5.53 

5.41 

5. 28 

5.13 

4.96 

4.77 

4.40 

5.02 

5 . 6 9  
6. 36 

7.02 

Mean)‘* 
log T 

3.06? 

3.40? 

3.73 

4 .05  

4.37 

4.66 

4.88 

5.00 

4.91 

4.75 

4.40 

4 .79  

5. !!! 

5.42 

5.75 

An interesting observation f rom Table 3 is the relatively slow change 

in the m e a n  lifetimes of the particles,  considerably slower than the change 

in radius  for  the l a rge r  par t ic les  and only 5 t imes over the m a s s  range 

1 .0  to 10-8g.  At the la rges t  particle s izes  erosion is the limiting factor.  This 

will hold up to m a s s e s  of the o rde r  of 10 
6 g, where ea r th  perturbations 
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begin to limit the mean  life. 
- 2  range 10 to g and, finally, the corrected P - R  effect controls f o r  the 

sma l l e r  particles. Table 4 omits an important column, viz., the calculated 

input f rom breakup of l a rge r  particles.  

what greater  year ly  input than output f o r  par t ic les  in the m a s s  range 10 

Destructive collisions control in the middle 

A rough calculation leads to a some- 
- 7  to 

g by a factor of 2 to 3. The law for  breakup of such low-density par t i -  

c les  is not known, however, and the use  of the relation found by Gault -- et al. 

(1963 
mater ia l  to be grainy a t  m a s s  -10 

Sec. 11. C. 2 )  for  stones may not be applicable. A tendency fo r  cometary 
-5  g could greatly affect the distribution. 

Granted that Table 3 will be considerably modified by a m o r e  accura te  

distribution law of particle flux with mass ,  particularly by the reduction in  

concentration near  10 

m a s s  distribution curve,  v iz . ,  the large value of S o r  the rapid increase  in 

numbers with decreasing mass .  At intermediate and la rge  m a s s e s  in  Table 

3, the self-destructive charac te r  of the zodiacal cloud controls the l ifetimes 

and, by spallation, undoubtedly causes  a la rge  concentration of smal le r  

masses .  

because collisions become l e s s  important, and so  the distribution curve 

flattens out (S falls). 

-5  
g, it  explains a surpr is ing charac te r i s t ic  of the 

Finally, the P-R effect controls the lo s s  of very  small  par t ic les  

The present analysis is too crude (omitting the input factor  by coll isions) 

If l a r g e r  par t ic les  to predict the number of extremely f ine par t ic les ,  s < 1 p,. 

(s >> 2 p,) can indeed produce the polarization as  well a s  the brightness of the 

zodiacal light, then the present solution is consistent. 

a r e  the major contributors, a s  suggested by Powell 's theory (1967), 

then the present solution is not ve ry  specific and gives too few ve ry  small 

particles. 

If submicron par t ic les  

A more  complete theory will be needed. 

A s  noted in  Table 3, the mean  lifetime of the ent i re  small-par t ic le  p o p -  

However, the contributions f r o m  4 lation is  calculated to be T - 8. 3 X 10 

the breakup of l a rge r  par t ic les  may be taken as one-half the losses ,  a s sum-  

ing a 3070 loss  to evaporation and submicron par t ic les .  

doubles the mean life of the ent i re  cloud to 1. 7 x 10 

yr. 

This effectively 
5 

yr .  Hence, the required 
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-1 5 total  influx rate,  previously found to be 8 ton sec  f o r  T = 10 y r ,  becomes 

some 4 tons sec  . W i t h  the observed distribution of m a s s e s  we  have failed 

by a factor of 3, however, to destroy the brighter photographic me teo r s  i n  

10  yr.  Similarly,  fo r  the stony meteori tes  our  solution is  inadequate by a 

fac tor  of 2. Hence, we apparently need 10 to 20 tons s e c  continuous input 

to maintain the zodiacal cloud in  quasi-stable equilibrium, an  ,es t imate  ve ry  

close to the original 1955 estimate.  

mate  rial. 

-1 

4 
-1 

Let us now look to the sources  of this  
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6. O N  THE SOURCE OF THE ZODIACAL CLOUD 

6. 1 Orbital Considerations 

The general  s to ry  of the photographic and radio me teo r s  need not be 

repeated here .  

o rder  of to 10 g. The orbi ts  a r e  indicative of the short-period comets 

with a large f rac t ion  of s t r e a m s  among the brighter photographic meteors ,  

and a l e s s e r  stream contribution among the radio meteors .  

conclusive that the par t ic les  involved are  in la rge  measu re  highly fragi le  
- 3  low-density objects,  p - 0. 44 g c m  

the brighter meteors .  F r o m  the physical charac te r i s t ics ,  l e s s  than 1% 

suggest a meteorite type of body of stone o r  iron. 

i l lus t ra tes  the distribution of aphelion distances f r o m  the precis ion photo- 

graphic meteors  (Jacchia and Whipple, 1961) and a random sample- (Hawkins 

and Southworth, 1961). The aphelion distances show no strong indication of 

any concentration near  the asteroid belt a t  - 3 a. u . ,  the distribution filling 

in to Jupi ter ' s  o rb i t  near  5 a . u .  and falling away at grea te r  aphelion distances 

in the manner of comets.  The M a r s  as te ro ids ,  on the other hand, show the 

normal  asteroid distribution with a maximurn of aphelion distances jus t  above 

3 a.  u. 

deduce that more  than 90% of the photographic me teo r s  have cometary or igin 

and, as noted above, the physical c i rcumstances  suggest an even higher 

percentage. 

The mass range involved is frowl a few g r a m s  down to the 
-6 

The evidence is 

, as adopted e a r l i e r  i n  this  paper f o r  

Orbitally, F igure  2 

F r o m  orbi ta l  considerations alone and the inclinations, one would 

Among the radio me teo r s  the aphelion dis tances  are  somewhat m o r e  

concentrated within the orbi t  of Jupi ter  than among the br ighter  photographic 

meteors ,  but t he re  i s  no indication of a n  a s t e ro ida l  origin. The  orb i t s  

a r e  suggestive of very short-period comets ( see ,  f o r  example,  Mil l r -an,  

1967). We now have information concerning the much  br ighter  f i reba l l s  

up to m a s s e s  of perhaps 10 

f r o m  the P r a i r i e  Network of observing s ta t ions covering m o r e  than l o 6  km2  

6 
g o r  more ,  as  presented by McCrosXy (1966) 
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Figure  2. Aphelion distances of precision photographic meteors  and of Mars  
as tercids .  
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in the U. S. Midwest. 

orbits reduced by McCrosky a r e  presented in Figure 3 .  
striking difference in the distribution of aphelia, a high concentration just  

within Jupiter 's  orbit  and another concentration between 1 and 2 . 5  a. u . ,  with 

a surprising gap in the region 2 .5  to 3.0 a.  u. 

graphic meteors  that a r e  known to be of meteori te  physical s t ructure  show 

this same gap. 

aphelia distributed s imilar ly .  

p rogram was started,  I had expected the meteorite type of body to match the 

cometary meteoroid in frequency a t  apparent magnitudes of the o rde r  of -6 
to -10 visual. 

massive objects than these, shows a very  small percentage of nonfragmenting, 

apparently solid stones o r  i ron bodies. 

a r e  dealing among the bright f i rebal ls  with incoming bodies of weak physical 

s t ructure ,  unless i t  is indeed possible that the "frothing process"  found for  

melting stones (Allen and Baldwin, 1967) may cause a misinterpretation of 

meteorit ic densities. 

this effect should not be important. 

friability in a very large body, McCrosky (private communication) repor t s  

a f i rebal l  of approximately a magnitude -18 lasting for  only 1 sec  and d is -  

appearing at  an altitude of 70 km. 

of bright a s  well a s  faint meteoroids a r e  extremely friable and of low density. 

The aphelion distances of some three  dozen of these 

Here we note a 

The aphelia of the six photo- 

Correspondingly, the eight Apollo asteroids  have orbital  

Before the P r a i r i e  Network bright f i reba l l  

McCrosky's result ,  which comprises  much brighter and more  

Thus the evidence is strong that we 

F o r  bodies with m a s s e s  of many kilograms , however, 

As an example of extraordinary 

There  is no question that a large fract ion 

I have no explanation for  the minimum in the aphelion distribution 

centered a t  the middle of the asteroid belt a s  observed in common by bright 

f i rebal ls  , the photographic meteori tes  , and the Apollo asteroids .  

possibly they a r e  closely connected in origin, o r  perhaps the s ta t is t ics  a r e  

inadequate to make the conclusion incontestable. 

1966b) a fur ther  possibility, viz . ,  that these fr iable  bodies may  include a 

considerable membership f r o m  the ex t reme l imit  of carbonaceous chondrites. 

If the asteroid belt has suffered only a minor  fragmentation by collisions, i t  

i s  possible that we a r e  dealing with "half-baked" as te ro ids  of sma l l  dimension, 

l e s s  than 30 km in diameter ,  which a r e  s imi l a r  to the extremely friable and 

rather  low-density carbonaceous chondrites - but even m o r e  so. 

Quite 

I have suggested (Whipple, 

Hence, they 
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Figure  3 .  Aphelion dis tances  of fireballs (McCrosky P r a i r i e  Network), 
photographic meteori tes ,  and Apollo asteroids .  
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could have a s t ructure  s o  weak that we find no examples on the e a r t h  because 

of destruction in atmospheric passage, a s  is the case f o r  cometary meteoroids.  

Anders (1966) suggests that the bodies with aphelia near  Mars  represent  

an origin as Mars-crossing asteroids ,  whereas those with aphelia within the 

outer limits of the asteroid belt to Jupiter represent  old cometary nuclei. 

This assumption, a s  mentioned ea r l i e r  in this paper,  is  quite possible, but 
i t  i s  one that I prefer  not to make until d i rec t  proof is  available. 

In view of the high abundance of highly friable mater ia l  in the m a s s  
-5 6 ranges from 10 

cometary origin, it  would be quite surpr is ing if among the s t i l l  f iner mater ia l  

the source should be other than cometary.  The mean inclinations of the radio 

and photographic meteors ,  the bright f i rebal ls ,  the Apollo asteroids ,  and the 

Mars-crossing asteroids  a l l  lie in the range f rom 11" to 20" a s  indicated in 

Table 4, which summar izes  the distribution of the aphelion distances.  We 
should note that in all  cases  except fo r  the Mars-crossing asteroids  there is  

considerable selection toward smal l  inclinations by the higher probability of 

encounter with the ear th .  

as teroids ,  since their  chance of discovery i s  generally smal l ;  hence, those 

with higher inclinations may tend to be missed  because of the s t i l l  smal le r  

chance of their having a close approach to the ear th .  

g to 10 g, the smal le r  particles being quite clearly of 

This is t rue also to some extent for  the Apollo 

It is  interesting to note f rom Table 4 and Figure 2 that the bright f i r e -  

balls show a ra ther  smal l  percentage with aphelia beyond Jupi te r ' s  orbit .  

I note, however, that among this group of l a rge r  bodies the etching ra te  

gives them lifetimes of the o rde r  of 10 

produces selective elimination by Jupiter perturbations.  This, again, 

allows the possibility that mos t  of the bright f i rebal ls  a r i s e  f r o m  a cometary 

origin, although some may be of the "half-baked" asteroid type. 

6 y r ,  which in Jupiter-crossing orbi ts  
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Table 4. Distribution of aphelia: Sporadic meteoroids 
and asteroids  

Aphelion 

(a. u. ) 

.L 

Pho togr ap hic me  te o r  sl' 

Photographic me  t e o r  svT 

(By cosmic weights) 

Asteroidal mete o r  s 

F i reba l l s  

Apollo asteroids  

Mars  as teroids  
(mean q = 2.85 a. u. ) 

&.I. 

t 

2.5 

No. 

49 
1 1  

10 

3 

7 

5 

4 

* 1- 
Hawkins and Southworth, 1961. 

Jacchia and Whipple, 1961. 

'McCrosky P r a i r i e  Network. 

'Mean inclination to  the ecliptic. 

&* v-r 

2.5 to 5 .2  

No. 

115 

42 

57 

3 

24 

3 

30 

> 5 .2  

No. 

121 

88 

74  

0 

6 
0 

0 

< 5 .2  

i $ 

- 
1 8" 

20" 

15" 

12" 

1 1 "  

15" 

In view of a cometary or igin f o r  the radio and photographic meteors ,  it 

is of considerable in te res t  to s ee  whether the expected input ra te  can indeed 
-1 match  the necessary  10 to 20 tons sec 

cloud i n  quasiequilibrium. 

this question. 

required tc! m-aintain the zodiacal 

The next two sections of this paper will consider 

6 . 2  Physical Character is t ics  of Comets 

In es t imates  of the meteori t ic  contribution of cometary nuclei, i t  is 

important to have an estimate of the ratio of gas to dust in these bodies. 

have l i t t le d i rec t  evidence as to the numerical  value of this ratio. 

observations of cmmets themselves give quite imprecise  values since we see 

neither the parent  molecules of the gases nor the meteoroids above micron 

dimensions. 

or iginal  composition of mater ia l  that f r eezes  a t  temperature  N 30°K 

We 

The 

There is no check on the validity of the assumption that the 
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approximates that of the present  so la r  atmosphere.  

to an ice /meteor i t ic  ra t io  ( I /me t )  of about 8 (Whipple and Stefanik, 1966), 

representing a near  maximum value, although possibly a high concentration 

of hydrates (Delsemme,  1966) might give a higher ratio.  

This assumption leads 

It i s  argued (e. g . ,  Harwit, 1963) that the lack of an observable dus t  

continuum in the spec t ra  of "old" comets,  such as P /Encke ,  compared to 

relatively weak-band spec t ra  in some "new" comets ,  means  that old comets  

contain a smal le r  proportion of meteori t ic  ma te r i a l  than new comets.  

believe that the strong meteor  contribution by P/Encke  indicates possibly 

even the reverse .  

e i ther  by heat o r  by compression,  

consolidated than the fine dus t  in the outer regions of "new" comets.  

i s  evidence that the meteoroids  f r o m  some comets ,  par t icular ly  when 

observed fairly soon af ter  ejection, a r e  of ex t remely  low density. 

example i s  the striking Draconid meteor  shower f r o m  Comet Giacobini- 

Zinner of 1946. ) meteor s  disappeared 

near ly  20 km higher in the atmosphere than average me teo r s  of the same  

velocity (Jacchia, Kopal, and Millman, 1950). Few decelerat ion m e a s u r e s  
-3 could be made, but the mean meteoroid density mus t  have been 0.  1 g c m  

o r  possibly much less .  

comets  may contain ve ry  fr iable  o r  even l l f luffyl l  meteori t ic  ma te r i a l  that 

readily breaks into the fine dust  often observed. 

1 

The basic  idea i s  that in old large comets ,  the co res ,  

contain meteori t ic  ma te r i a l  that is m o r e  

There  

The bes t  

-1 The low-velocity (- 21 k m  s e c  

Thus,  it s eems  likely that the outer  volumes of new 

Our most  d i rec t  evidence comes f r o m  cometary  meteoroids  themselves .  

Suppose the observed density i s  p, fo r  which the compact solid density would 

be pm.  Suppose fur ther  that the icy fract ion was originally I, by mass, the 
solid density p 

mate r i a l  occurred;  then the total unit volume was originally made up as 

follows: 

the fract ional  volume of void r C ,  and no lo s ses  of ear thy  i' 

J - - t L t X = l  . 
P M  Pi 
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Our des i red  icy m a s s  fraction then becomes 

-3 We may  reasonably adopt p = 0.9 g c m  , pM = 3.4  g ~ m - ~ ,  and i 
A = 0. 1 ,  o r  10% void volume. The solution is not very  sensitive to A for  

small values, so  that Table 5 may  be indicative of I and I / p  = I / m e t  as a 

function of the observed meteoroid density p. 

Table 5. The icy component and the I /Met  p 
0 .10  

0.20 

0.30 

0.40 

0.44 

0.60 

0.80 

1.00 

1.50 

I 

0.81 

0.80 

0.78 

0.76 

0.73 

0.70 

0 .69  
0.66 
0.60 

0.56 

0.41 

I /Met 

162 

16 

7 .8  

3.8 

2.4 

1.7 

1.58 

1.10 

0.75 

0. 56 

0. 27 

Although the observed meteoroid density may  represent  a region of 

abnormally high concentration of meteorit ic mater ia l  in the comet because 

the meteoroid has, in fact, stuck together, we see that a typical value, 

adopted here ,  of p = 0.44 g 
jzs t i f ied in assuming that ices  simultaneously eject  with them one-half their  

m a s s  in meteori t ic  mater ia l .  

volatile mater ia l s  can lead to cracking, breakage, and ejection of considerable 

water  ice, hydrates, and meteorit ic mater ia l .  

leads to I / m e t  = 1.58. W e  may thus be 

I feel  that the presence in a cv i l ie t  of highly 

Generally, this assumption 
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leads to smal le r  icy nuclei and relatively more  rapid disintegration than would 

occur if s o l a r  heat had to sublimate all the icy mass before it could be r e -  

leased from the nucleus. 

6. 3 Mass  Contributions by Comets 

To calculate the meteori t ic  contributions to the zodiacal cloud by actual 

comets,  let US assume that the solar  radiation is 0 . 9  effective in providing 

heat f o r  sublimation of ices  a t  a mean value of 450 ca l  g 

in one perihelion passage receives  effectively f y r  of radiation at 1 a. u. 

(see Whipple, 1955). 

and the mass-luminosity relation of equation (4), we find that the meteorit ic 

loss per  revolution about the sun, Mrevs is 

-1 , and that the comet 

- 3  Then for  a comet density of 1 .3  g c m  , I / m e t  = 2, 

17.61 - 0.4H Mrev = f x 10 g J  

where H is the absolute magnitude of the comet. 

F o r  Halley's comet, H = 4.6  mg, f = 1.5,  and period = 76 yr ,  the 
meteori t ic  mass  loss  becomes 5 ton s e c - l ,  and f o r  Comet Encke with i t s  

average H = 9. 0 mag fo r  the ear ly  19th century and f = 3. 5, the mass loss is 

3. 5 ton sec  . The corresponding diameter  f o r  Encke 's  Comet is 3. 4 km, 

whereas  Roemer (1966) m e a s u r e s  1. 2 k m  f o r  a n  albedo of 0. 7, and 7. 0 k m  

for  an  albedo of 0. 02 f rom the brightness a t  l a rge  so la r  distances. We have 

meteor -s t ream evidence (Hamid and Whipple, 1951) that Encke 's  Comet has  

been in existence fo r  severa l  thousand years .  Both f r o m  the basic principle 

of the icy comet model and f rom brightness observations of Encke's Comet  

since 1786, we expect the brightness and r a t e  of m a s s  lo s s  to be g rea t e r  in 

the past, the ra te  of the change with t ime being quite uncertain ( see ,  e. g. , 
KreAak, 1965; Whipple and Douglas-Hamilton, 1966). 

-1 

The orbit  of Encke's Comet is near ly  unique, since i t s  aphelion distance 

Hence, it is an  ideal source f o r  is  well within Jupi te r ' s  orbit  (4. 10 a. u. ). 

zodiacal cloud mater ia l .  Only the ve ry  faint  Comet  Wilson-Harrington (1 949 111) 
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(aphelion 2.47 a. u. ) and the extinct source of the Geminid meteor  shower 

qualify as astronomically "currently active" sources .  

Jupiter-crossing orbits is rapidly lost  by Jupiter perturbations and by orbi ta l  

velocity effects for  very  small particles.  

Mater ia l  injected in 

Quite probably, .then, Encke 's  Comet over the past  severa l  thousand 

yea r s  has been the major  support f o r  the zodiacal cloud to maintain quasi- 

equilibrium. 

zodiacal cloud, 1. 7 X 10 

the stony meteori tes  indicate that erosion, averaged over this longer interval,  

has  been as rapid o r  more  S O  than a t  present. 

observed in the past  300 y r ;  Comet 1729 was a naked-eye object a t  4.1 a.u.  

f r o m  the sun. Thus, over 10 y r  one need not be surpr ised if the short-period 

comet supply does not average as well as o r ,  indeed, better than our  present  

sample.  

density varying as the square root of the influx rate .  

fluctuations of influx ra te  do not change the cloud mean density so  strikingly. 

Our evidence is lacking f o r  as much a s  the mean life of the 
5 6 y r ,  but the 50 X 10 y r  maximum exposure ages fo r  

Enormous comets have been 

5 

Note that a collision-controlled mean life leads to a zodiacal cloud 

Hence, ra ther  large 

Thus, the consensus suggests that comets a r e  an adequate source.  A 

pr imar i ly  as teroidal  source would probably produce too high a concentration 

toward the fundamental plan of the solar system. 

mos t  of the mater ia l  in the m a s s  rarige IO-' to I O  
c lear ly  a dominating destructive factor. 

population curve in this m a s s  range and the concentration of m a s s  in the 

g range suggest not simple collisional spallation but a tendency fo r  

some fundamental grain m a s s  to l ie in this region, not character is t ic  of 

meteor i tes  but quite possibly of friable cometary mater ia l .  

Comets c lear ly  contribute 

g i  and collisions a r e  5 

The steepness of the particle 

If a massive population of short-lived submicron par t ic les  is finally 

shown to be necessary  in producing polarization, o r  possibly color, in the 

zodiacal light, then the present  data and this model will require  adjustment 

in the submicron range. Otherwise the model based direct ly  on meteorit ic 

observations appears  to be a fair approximation. 
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PHASE FUNCTION O F  THE ZODIACAL CLOUD 

Richard B. Southworth 
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ABSTRACT 

Smith, Roach, and Owen's zodiacal-light photometry has been analyzed 

for the phase function and distribution of the particles.  I t  is assumed that 1)  

there  is a unique phase function, 2) the space density is the product of a d i s -  

tribution in heliocentric latitude and another in radius vector,  and 3 )  a l l  the 

observed light is scat tered by interplanetary particles symmetr ical ly  dis  - 
tributed about the sun, except for  the enhancement a t  65" elongation (possibly 

this is double scattering by ice in the high atmosphere).  

tions in radius vector a r e  tr ied,  each  yielding a phase function and a latitude 

distribution, and a predicted zodiacal-light distribution. 

observations a r e  found with radial  density distributions similar to that found 

f r o m  radar  meteors ;  these a l so  yield latitude distributions comparable to the 

meteor  distribution. 

resemble a Lamber t  law, except for  an ex t ra  peak near  180; which could be 

caused by particle roughness. 

Various dis t r ibu-  

Good fits to the 

F o r  scattering angles above 60° ,  the phase functions 



PHASE FUNCTION OF THE ZODIACAL CLOUD 

Richard B. Southworth 

1. INTRODUCTION 

A complete general  account of the relationship between the observed 

brightness of the zodiacal light and the cloud of interplanetary par t ic les  that 

sca t te r  the sun 's  light to the e a r t h  must  consider a particle distribution with 

seve ra l  degrees  of f reedom. 

par t ic les ,  each with a distinct scattering (phase) function, distributed in three 

dimensions. Time, polarization, and color a r e  other variables that I will 

not consider here.  On the other hand, the observed zodiacal-light brightness 

(with t ime, polarization, and color again neglected) has  only two dimensions. 

Thus, the observations alone a r e  not sufficient to specify al l  the propert ies  

of the cloud. Nonetheless, with reasonable simplifications, the observations 

a r e  enough to deduce some important average propert ies .  

The cloud doubtless contains many types of 

iiapke ( 1 9 6 5 )  h s  shown that the effect of low-energy proton bombardment 

on a wide variety of substances is to make their  scattering functions near ly  

s imi la r .  Thus, we can expect that all except the newest zodiacal par t ic les  

in f ac t  have approximately the same scattering function, a s  a consequence 

of the so l a r  wind. F o r  this paper,  however, it  is sufficient to assume that 

there  is a homogeneous mixture of particles.  The scattering function to be 

found he re  is, then, a mean scattering function. 

I will assume here  that the zodiacal light is scat tered pr imari ly  by a 

heliocentric,  and not a geocentric, cloud. 

symmet r i c  about an axis through the sun and the ecliptic pales.  

s m a l l  deviations f r o m  symmetry must occur,  but they will be neglected. 

I t  i s  then c lear  that the cloud i s  

Large o r  
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The space-density distribution is thus a two-dimensional one. 

distribution will be specified here  by i t s  radius vector r and i ts  heliocentric 

latitude p .  

A point in this 

The particles in the cloud sp i ra l  toward the sun under the influence of 

the Poynting-Robertson effect (Whipple, 1955). 

1964) shows the time average of the relative space density of a single particle,  

a s  a function of r. Figure 2 shows schematically the relative space density 

to be expected f r o m  many such par t ic les  injected into the cloud a s  cometary 

debris .  

parabolic initial orbits (Southworth, 1964). The initial perihelia of the 

par t ic les  a r e  thus the same a s  those of the comets,  roughly half of which 

(Richter,  1963) lie between 0 . 5  and 1 .5  a .  u. 

Figure 1 ( f rom Southworth, 

These a r e  re leased near  the perihelia of the comets,  with near ly  

- I  0 

LOGlO ( r / c )  

Figure 1. Average space density \Ee of par t ic les  spiraling toward the sun 
under the Poynting-Robertson effect, as a function of radius vector 
r, orbital  invariant c = (a /2) (1  - e2) e-415, and initial eccentricity e. 
For  any value of e the graph of \ke consis ts  of a near ly  ver t ical  curve 
(interpolated i f  necessary)  marked  with the value of e, and a l so  of 
that par t  of the upper diagonal curve that l i es  to the left of the near ly  
vertical  curve. 
perihelion distance of the init ial  orbit. 

The intersection of the two curves occurs  a t  the 
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VAPOR I Z A T  I ON 
AND C O L L I S I O N  
NEAR SUN 

I 
L 1.0 

I I 
-I 0 +I 

LOG,, RADIUS VECTOR 

Figure  2. Schematic density distribution under the Poynting-Robertson 
effect. 

The Poynting-Robertson effect does not a l te r  the plane of a par t ic le 's  

orbit, but it gradually a l t e r s  the distribution of t rue anomalies in the srhi t .  

Initially, when the orbi t  is highly eccentric,  the particle spends most  of i ts  

t ime nea r  aphelion, with t rue anomaly in the neighborhood of 180". 

when the orbi t  is l e s s  eccentric,  true anomalies a r e  more  uniformly spread. 

Since this will a lso change the distribution of heliocentric latitudes, an 

es t imate  of the magnitude of the change is needed here.  

of a cometary origin for  the zodiacal par t ic les  (and also on some other 

hypotheses), i t  is expected that the initial orbi ts  of the particles will be 

similar to the orbits of short-period comets.  

par t ic les  wiii be reieased f r ~ m  short-period comets,  and many of the res t ,  

re leased  f r o m  bright long-period comets, will soon be perturbed by Jupiter 

into short-period orbits in exactly the same way that the comets themselves 

a r e  perturbed. Like the comets (Por t e r ,  1963), the par t ic les  will have values 

Later ,  

On the hypothesis 

This is because a few of the 
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of the argument of perihelion clustered n.ear 0" and 180"; i. e . ,  their  aphelia 

and perihelia wi l l  tend to be a t  lower heliocentric latitudes than the in te r -  

mediate  sections of their  orbi ts .  

Figure 3 i s  a contour d iagram of the t ime average of the relat ive space 

density of a par t ic le  under the Poynting-Robertson effect ,  a s  a function of 

both radius vector and t rue  anomaly, computed by numerical  integration. I t  

shows how the space densit ies in F igure  1 a r e  distributed over t rue  anomaly. 

To see  how the Poynting-Robertson effect will a l t e r  the distribution of helio- 

centr ic  latitudes, we should compare the average of the densi t ies  nea r  

perihelion and aphelion (which will be a t  relatively low lati tudes) with the 

densit ies in  the neighborhood of t rue  anomaly 90" (which will be a t  relatively 

high latitudes). We find that, a t  dis tances  m o r e  than two to three  t imes  the 

initial perihelion distance,  the par t ic les  a r e  concentrated toward aphelion, 

and hence toward low latitudes. 

distance,  however, the distribution of latitudes will not be significantly 

biased by the distribution of t rue  anomalies.  I t  follows that the zodiacal cloud 

should be appreciably m o r e  concentrated a t  low latitudes a t  roughly 2 o r  m o r e  

a .u .  f r o m  the sun than a t  roughly 1 o r  l e s s  a .u .  

At l e s s  than twice the init ial  perihelion 

_I 
- I  

- 

i16 

0 + I  0 

LOG,, RADIUS V E C T O R  

e = 1.0 

Figure  3 .  Relative density contours under the Poynting-Robertson ef fec t .  
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2. MODELCLOUD 

The model of the zodiacal cloud used in the computations to be reported 

here  is defined by three 1 -dimensional distributions. 

phase function T(B) denotes the light intensity scat tered a t  an angle 9 by a 

unit particle space density, and is assumed to be the same in a l l  par t s  of the 

cloud. 

p,  which is assumed to depend only on r and P and to be of the fo rm 

The scattering function 

The light scat tered is  taken to be proportional to the space density 

Thus, the expected dependence of the latitude distribution on distance f rom 

the sun is not included in the model. Since no observations a t  l ess  than 30" 

elongation f r o m  the sun have been used, and since contributions to the observed 

zodiacal light f r o m  more  than about 2 a. u. f rom the sun a r e  small ,  the latitude 

distribution to be found here  represents  an average over the range 0.  5 to 

2 a .u .  

In o rde r  not to spend a disproportionate amount of computing t ime on 

the relatively sma l l  volume of s'pace at high heliocentric latitudes, the d is -  

tribution S is t reated a s  a function of s in  P ra ther  than of p ;  equal intervals 

of s in  p represent  equal volumes in space. 

A variety of distributions R( r ) ,  of a f o r m  suggested by Figure 2, a r e  

assumed.  

intensit ies a s  

Given R, S ,  and T, we can formally compute zodiacal-light 

I =  I R S T d s  , 
line of 
sight 
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where ds is the differential  of distance along the line of sight f r o m  the ear th .  

Since I is a two-dimensional distribution, i t  suffices to determine a two- 

dimensional distribution of S and T. F o r  simplicity and numerical  stability, 

however, S and T were assumed to be independent one-dimensional d i s t r i -  

butions. They a r e  found by successive approximations , a s  descr ibed below. 
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3.  COMPUTING 

The radial  density distribution was taken to be of the fo rm 

This is smooth (which is essent ia l )  and adequately versat i le .  

the values used for  C1 and C 2 .  

Table 1 shows 

The functions S and T a r e  each taken to be the sum of seven triangular 

functions, multiplied by coefficients 

7 

7 

k 

Figure  4 shows how the sum forms a function defined a t  seven points whose 

ordinates a r e  the coefficients S 

the points. 

or  Tk, with straight-l ine segments joining 
j 

The observational equations (2)  now become 

s t R d s  . 
I = c S j c  Tk I j k  

k line of 
sight 

j 
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The integrals in equation (5) a r e  evaluated numerically. 

was continued to r = 5 a.  u. 
The integration 

beyond which contributions a r e  negligible. 

.* c 

n 

0 

Figure  4. Resolution of a function consisting of n connected straight-line 
segments into a s u m  of n t 1 triangular functions. 

Init ial  t r i a l  values a r e  assumed for both S.  and T and then equations (5) J k’ 
a r e  solved by leas t  squares  for  improved values of S and TkJ alternately. 
However, the least-squares  solution i s  not allowed to make any coefficient 

negative o r  to make any very large change that might cause unstable iteration. 

When a coefficient would have exceeded one of these bounds, i t  is se t  equal 

to that bound, and a new ieast-squares solction is ca r r i ed  out for the remaining 

var iables .  

j 

Ten iterations o r  fewer were  sufficient in each case  to reach  a stable 

solution. 
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4. OBSERVATIONS 

Smith, Roach, and Owen's (1965) observations have been used. 

Following their  es t imates  of observational e r r o r s ,  I took the s tandard e r r o r  

u of an intensity I to be 

1 
u = (361 t 0 . 0 1  I 2 2  ) 

They note an excess  br ightness  in their  observations a t  an elongation of about 

65". This excess  was not observed by Wolstencraft and Rose (1967) and 

cannot be reconciled with a model of zodiacal par t ic les  under the Poynting- 

Robertson effect. 

through the observations and have removed this excess .  Appendix A des -  
c r ibes  a possible, but not very  probable, cause fo r  the excess  br ightness .  
Table 2 contains the observations used, a s  corrected.  

Accordingly, I have empir ical ly  drawn smooth curves  

Table 2 p resents  observations used for  all ca ses ,  and includes detailed 

The observations were  cor rec ted  for  the excess  bright- resu l t s  f o r  case 8. 

nes s  observed a t  65" elongation f r o m  the sun. 

chosen to  represent  the distribution over the whole sky, with compara-  
tively few in the region of sma l l  elongation, which was not s o  well  observed 

a s  other regions. 

Three  hundred were  then 

The table is a r ranged  in rows by latitude. F o r  e a c h  point, the quantities 

printed a r e :  the longitude measu red  f r o m  the sun, the cor rec ted  intensity, 

the residual  f r o m  the final fit,  and the res idua l  divided by the s tandard e r r o r  

assigned to the observation. 
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5. LATITUDE DISTRIBUTION 

01- 

Table 1 shows the radial-density distributions used and the resulting 

rms e r r o r  of an individual observation in units of the expected observational 

e r r o r .  

tions, but the best  fit is case  8, which is also the best  f i t  to Figure 2. 

Table 2 includes the individual residuals of each observation for  case  8, 
both in the original units and in t e r m s  of the estimated observational e r r o r .  

All these radial  distributions make acceptable f i t s  to the observa-  

Table 1 shows al l  values found for the latitude coefficients S which a r e  
j' 

remarkably insensitive to the radial  distribution. 

distribution f o r  case 8;  the others  hardly d i f fe r .  

latitude is not likely to be real .  

tion of the observations for  the peak at  elongation 65", o r  more  probably f r o m  

the known inadequacy of the assumption expressed in equation (1). 

Figure 5 shows the latitude 

The minor maximum a t  90" 
I t  possibly resul ts  f rom inadequate c o r r e c -  
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The width of the latitude distribution is a very  sa t i s fac tory  confirmation 

that the zodiacal par t ic les  a r e  in orbi ts  like those of the short-per iod comets .  
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6. PHASE FUNCTION 

Table 1 fur ther  gives a l l  values for  the phase function coefficients Tk; 

the distributions a r e  plotted in F igu re  6, with the scale  successively d is -  

placed upward 0 .  1 f o r  each  distribution. 

and 54" depends strongly on the assumed radial  density. 

p a r t  of the phase function (if i t  is r ea l )  can be explained by c lass ica l  

diffraction. 

The distribution found between 30" 

I t  is likely that this 

The major  pa r t  of the phase function found here  i s  not very  sensit ive to 

the assumed radial-density distribution, and consequently m e r i t s  some 
attention. 

d i f fe ren t  so r t s  of par t ic les ,  especially a s  this is only an average curve.  

However, it should be pointed out that the function found is very  s imi l a r  to 

a Lamber t  law, which i s  the phase function in diffuse reflection by smooth 

spher ica l  par t ic les  much l a r g e r  than a wavelength of light. 

a Lambert- law curve fitted to case  8.  

show an ex t ra  peak in the phase function a t  180" because shadows a r e  then 

eliminated. The phase function found here ,  in fact ,  has  ju s t  such a peak. 

I t  would be expected that par t ic les  f r o m  comets  should be rough, in harmony 

with the phase function found. 

It is doubtless possible to produce a similar curve with seve ra l  

F igure  6 includes 

Rough par t ic les  would be expected to 

One more  confirmation is s t i l l  available. According to c lass ica l  theory 

(van de Hulst, 1957), the luminous intensity a t  wavelength A diffracted a t  

an angle 8 to a distance r by a spher ica l  par t ic le  of radius  a under incident 

intensity I is 0 
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if 8 is outside the f i r s t  few diffraction rings and if the rings have been 

smoothed out. 

particle that sca t te rs  a fraction A of the total light incident on it is 

The corresponding scat tered intensity f r o m  a Lambert-law 

2 2 a  AIo (sin 8 - 8 cos 8 )  - 
2 35r r IL - 

Evaluating ID a t  8 = 30" and IL a t  €4 = 150" , with h = 5300 A and A = 0 . 0 7  a s  

for  the moon, and comparing with the resu l t s  of case 8, we find 

a - 6 p  . 

This value can be no more  than an order-of-magnitude est imate ,  both 

because we actually must  consider distributions of particle s izes  and because 

the phase-function resul ts  a r e  uncertain. 

f i rm that the zodiacal par t ic les  a r e  large compared to the wavelength of light, 

in harmony with the appearance of a phase function appropriate to large 

par t ic les .  

Nonetheless, it tends to con- 
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7. CONCLUSIONS 

The latitude and radius-vector distributions deduced h e r e  a r e  compared 

with the meteor  space-density distribution (Southworth, 1967). The radius- 

vector  distribution of the me teo r s  i s  not so steep a s  case  8, o r  a s  the equilib- 

r ium Poynting-Robertson distribution. 

by collisions of the me teo r s  with zodiacal dust; while collisions would be 

much l e s s  important for the zodiacal dust itself, which sp i r a l s  in fas ter .  

The meteor  latitude distribution i s  s imilar  in character  to  that of the meteors ,  

although the meteors  have a wider distribution in latitude near  the sun than f a r  

out. This charac te r i s t ic  was a l so  theoretically expected in the zodiacal distribu- 

tion, but had been omitted f rom the model for simplicity. 

Presumably this difference is caused 

The space distribution of the zodiacal par t ic les  a s  found here  is entirely 

accordant with a cometary origin and with subsequent evolution under 

planetary perturbations and the Poynting-Robertson effect. 

The mean  phase function of the zodiacal par t ic les  has a broad peak in 

the b z c t s c i t t e r  direction. 

rough par t ic les  much l a rge r  than the wavelength of light. 

The phase function is  consistent with opaque, 
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APPENDIX A 

The anomalous excess  of br ightness  that Smith, Roach, and Owen (1965) 
found a t  approximately 65" elongation off the ecliptic could be explained by 

double scattering of sunlight in ice c rys ta l s  a t  the noctilucent-cloud level. 

The light would be sca t te red  twice, once into the common 22" halo and once 

into the 46" halo ( see ,  for  example, Minneart ,  1954). F igure  A-1 is a 

schematic d iagram for  the double scat ter ing.  Clouds B and D are approxi- 

mately 8 2  k m  above s e a  level. Sight l ines A and C pass  above the tropopause 

(roughly 15  k m  above s e a  level), but they do not pas s  much above i t  because 

cloud B must  be in sunlight a t  the same  time that the sun is m o r e  than 18" 

below the horizon at F. 

and C graze the tropopause and when D is 10" above the horizon a t  F ,  i s  29". 

Sight lines A and C a r e  necessar i ly  in different ver t ica l  planes. The 

azimuth difference between the planes is 14" to 19" when the scat ter ing angle 

a t  B i s  22", and 43" to  46" when the scat ter ing angle a t  B i s  46". 

C and E a r e  generally in different ver t ica l  planes.  

The maximum depression of the sun a t  F, when A 

Sight l ines 

When skew rays  a r e  considered, both the 22" and 46" halos a r e  actually 

a few degrees  wide even for  monochromatic light. 

their  width i s  neglected in F igure  A - 2 ,  which is  a schematic  d iagram on the 

celestial  sphere for  the case  of 22" scat ter ing at B. A comparable  d iagram 

f o r  the case of 46" scat ter ing at  B can be readi ly  imagined. 

sed 18" to 29" below the horizon a t  F. Light sca t te red  in the 22" halo a t  cloud 

B reaches cloud D only i f  it i s  in a r c  G H  (o r  KL) ,  the exact position depending 

on the distance f rom B to  D. 

and point H is 11" nea re r .  

the observer  a t  F anywhere on the a r c  MNP, but preferent ia l ly  a t  low elevation 

because sight line E then has  a longer path in  cloud D. 

brightness corresponds to light sca t te red  to points nea r  M o r  Q. 

and Owen did not observe below 10" elevation. 

F o r  simplicity,  however, 

The sun is dep res -  

Point G i s  5" n e a r e r  the horizon than the sun, 

Light sca t te red  in the 46" halo a t  cloud D reaches  

The observed excess  

Smith, Roach, 
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TROPOPAUSE 

'SEA L E V E L  

TO SUN 

Figure  A-1. Schematic model for  double scat ter ing of sunlight by ice  
clouds. 

F igu re  A-2.  The relationship between i ce -c rys t a l  halos and observed excess  
brightness in the zodiacal light. 
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Light scat tered to P and light scat tered in the 22" halo a t  cloud D fo rm 

a broad band of excess  brightness superposed on the brightest  par t  of the 

zodiacal light, and will not be readily distinguishable f r o m  other light. 

The principal m e r i t  of this hypothesis of ice clouds is that the scat tered 

light 60" to 70" f r o m  the sun would be strong only where i t  is actually 

observed - mostly at  comparatively low elevation and a t  a different azimuth 

f r o m  the depressed sun. 

responds to high ecliptic latitude. 

Under the circumstances of observation, this cor -  

Only ice crystals  that a r e  large compared to the wavelength of light will 

We can est imate  the number density N cm-3 of c rys ta l s  5 p fo rm the halos. 

in diameter  that would reproduce the observed excess  brightness,  as follows. 

Let  us assume light paths 100 km long in clouds B and D (Figure A - 1 )  and 

ice-crystal  c r o s s  sections 2 x 10 c m  , s o  that the fraction of light in te r -  

cepted by ice c rys ta l s  in each cloud is approximately 2N. Let us es t imate  

that 0. 1 of the light incident on a c rys ta l  is scat tered into the 22" halo, and 

0.05 into the 46" halo. Let us fur ther  es t imate  that cloud D subtends a 

ver t ical  angle of roughly 1" a t  B;  then the fraction of the 22" halo light reaching 

D is 0 . 0 2 ,  and the fraction of 46" halo light is 0 .009 .  

occurs  a t  D, roughly 0 . 4  of the light is scat tered toward the ground. However, 

only half this amount contributes to the excess  brightness,  because the shift  

at  D in the azimuth of the r ay  must  be in the same sense a s  the shift  a t  B if 

the final elongation of the ray  f r o m  the sun is to be about 65". When the 22" 

scattering occurs at  D,  roughly 0. 2 of the light is sca t te red  toward the ground 

and half contributes to the excess  brightness.  

5300 A light is absorbed along each of paths A and C ;  absorption in path E is 

accounted f o r  in original data  reductions. 

- 7  2 

When the 46" scattering 

Let  us es t imate  that 0 .7  of 

The total excess  brightness observed by Smith, Roach, and Owen in the 

whole sky is  approximately 1 .  15 x l o 5  10th magnitude s t a r s ,  o r  2 X lo- ' '  of 

the sun 's  brightness. Only half of this is actually observed a t  one time. Thus, 
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(2N)2 ( 0 .  1) (0.05) [(0.02) ( 0 .  2) t (0.009) ( 0 .  I ) ]  (0 .  3)' = 10 -10 
9 

and 

N = 3 x 

These ice c rys ta l s  constitute 1 .6  x 
82 km. 

by Hemenway, Soberman, and Witt (1964). If i t  is assumed that their  "halos" 

a r e  ice and that the cloud they sampled was near  82 k m  in height and 3 k m  

thick, then their  "halos" contained 1 X to 4 X of the atmospheric 

density a s  ice. 

in ice content to noctilucent clouds, but it would sca t te r  l e s s  sunlight because 

i t s  total c r o s s  section is 0.  1 to 0. 3 of that of the noctilucent cloud. 

0-' o1 the atmospheric m a s s  density a t  

They may be compared with the noctilucent cloud mater ia l  collected 

i 
The hypothetical cloud of 5-p par t ic les  thus seems  comparable 

The principal fault  with the hypothetical clouds is  the lack of r ea l  

noctilucent clouds at  the same latitudes. 

sumably be formed under conditions s imilar  to noctilucent clouds, except 

f o r  a much  sma i i e r  n-tiiiibcr of condensation nuclei. 

cloud (B) ought to be observable in the Pacific Ocean a t  30" to 35" N latitude, 

but i t  would be considerably fainter than normal  noctilucent clouds. The 

second cloud (D) would be hard to detect except a s  the excess  brightness 

found by Smi th ,  Roach, and Owen. It i s  c l ea r  that these clouds might not 

have been seen  previously even if they existed. 

clouds s o  far observed a t  latitudes less  than 45" were caused artif icially by 

rocket launchings at Point Magu, California (Fogle and Haurwitz, 1966). I 

have not investigated whether the art if icial  clouds themselves might be 

important  he re .  

The hypothetical clouds would pre  - 

The f i r s t  scattering 

However, the only noctilucent 

F r o m  present  knowledge of atmospheric temperature  a t  noctilucent cloud 

heights, it s eems  unlikely, but not impossible, that the hypothetical ice 

clouds a t  20" to 30" latitude actually exist .  The necessary temperature  for  
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persis tence of ice depends on the water-vapor  content of the atmosphere,  

which is ill known. 

cloud, i. e . ,  2 X 10 

82 km i s  159°K. 

p r e s s u r e  a t  79 km by Fedynski (quoted by Fogle and Haurwitz, 1966), the 

f r o s t  point is 179" K. According to  CIRA (COSPAR Working Group IV, 1965), 

the mean tempera ture  at  80  k m  and 3 0 "  north latitude i s  199" K on September  

1 ,  which i s  a representat ive date  for  Smith, Roach, and Owen's excess  bright- 

nes s  observations. 

t ive f o r  noctilucent clouds) a r e  about 170" K.  

in noctilucent clouds r each  down to 135" K (Fogle and Haurwitz, 1966), i t  i s  

possible that variation f r o m  the mean tempera ture  i s  necessa ry  for  the forma- 
tion of a noctilucent cloud. 

the low-latitude ice clouds hypothesized here .  

If water  vapor i s  as abundant a s  ice  in the hypothetical 
-5  

by mass of the atmosphere,  then the f r o s t  point at 

However, fo r  a pre l iminary  measurement  of water-vapor  

Mean tempera ture  a t  6 0 "  N in June and July ( representa-  

However, since measu remen t s  

A comparable  var ia t ion might then cause  one of 
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SPACE DENSITY OF RADIO METEORS 
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c 

ABSTRACT 

The space-density distribution of dust i n  the solar  sys tem is estimated 

f r o m  the orbits of approximately 13 ,  000 radar  meteors  observed by the 

Harvard-Smithsonian Radio Meteor Project.  

made for  unobservable c l a s ses  of orbits and f o r  other observational selection 

effects. Within the l imits 0. 1 to 1 0  a. u. , the space density decreases  mono- 

tonically outward f rom the sun. 

a ve ry  broad maximum centered on the ecliptic, and a deep minimum over 

the ecliptic poles. 

density in  the asteroid belt. 

perturbations and collisional destruction. 

Approximate correct ions a r e  

The distribution in heliocentric latitude has 

There  is no evidence for any substantial enhancement of 

The distribution shows the effects of planetary 
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SPACE DENSITY OF RADIO METEORS 

Richard B. Southworth 

1. INTRODUCTION 

This repor t  presents  the distribution of relative space densities of 

observed radio meteors ,  and also a distribution that is approximately co r -  

rec ted  f o r  inherent deficiencies in observation. 

densities assuming observed photographic meteor  orbi ts  a s  an injection 

distribution, and then assuming breakup into smal le r  particles,  which would 

sp i r a l  into the sun under  the Poynting-Robertson effect. These a r e  the first 

published space densities of me teo r s  known to me. 

paper  gives the f i r s t  density distributions derived f r o m  observed me teo r s  

alone. 

Briggs (1962) computed 

I believe the present 

i 
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A F  19(628)-3248 f r o m  the U. S. A i r  Force  Cambridge Research  Laboratories.  
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2. METEOR OBSERVATIONS 

The data used h e r e  compr ise  13,672 me teo r s  observed between 

November 1962 and November 1965 by the six-station r a d a r  network of the 

Radio Meteor P ro jec t  operated in  Havana, Illinois, by the Harvard College 

and Smithsonian Astrophysical Observator ies ,  and supported by the National 

Bureau of Standards, the National Science Foundation, and the National 

Aeronautics and Space Administration. 

computed f r o m  its observed speed and t ra jectory in the atmosphere,  and 

its m a s s  f r o m  the observed distribution of e lectrons left behind the meteor .  

Verniani and Hawkins's (1964) luminous efficiency was used in  the la t te r  

computation. 

The orbi t  of each meteor  was 

Each meteor  is assigned a weight proportional to the product of five 

factors. 

tional to the total mass of a l l  s izes  of par t ic les  down to any given limiting 

m a s s  in a distribution of the fo rm found by Hawkins and Upton (1958) for 

photographic meteors .  

observed radiant. It is the rec iproca l  of the probability found by Elford 

(1964) for observing the radiant, except that radiants  with l e s s  than 10'7'0 

relative probability of detection have been assigned z e r o  weight. 

herently improbable radiants  a r e  likely to resu l t  f r o m  observational o r  

computational e r r o r s  and should not be given their  high theoret ical  weights. 

Fac tor  ( 3 )  depends upon the declination of the observed radiant. 

proportional to the fract ion of the s iderea l  day during which a point at any 

given declination remains  within the 10% contour of El ford ' s  distribution. 

Fac tor  (4) i s  unity for radiants  north of the ecliptic and z e r o  fo r  radiants  

south of it, and thus the incompletely observed southern sky is eliminated 

f rom this analysis. Fac tor  (5) is inversely proportional to a slight ref ine-  

ment  of Opik's (1951) probability that a body in  a n  orbi t  of given semimajor  

axis a, eccentricity e, and inclination i 

one revolution of the body. 

Factor  (1) is the 1. 33 power of the observed m a s s ;  this is propor-  

Fac to r  (2) depends on the altitude and azimuth of the 

Such in- 

It is inversely 

? 

will  collide with the ear th  during 

This probability is 
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2 "C 

P = R ~  T V  v s i n i  * G R  

where RE is the ea r th ' s  radius, V is the geocentric velocity outside the 
C 

atmosphere,  VG is the geocentric velocity af ter  the ea r th ' s  a t t ract ion is 

deducted, and V 

refinement consists in the eccentricity of the ea r th ' s  orbit  not being neglected 

when computing 

is the radial  component of the heliocentric velocity. The R 

where  r is the ear th ' s  distance f r o m  the sun a t  the t ime the me teo r  is 

observed. 

meteors .  

be  grotesquely misweighted. 

Neglect of the refinement yields imaginary weights on a few 

In practice, if  the difficulty is not recognized, these me teo r s  may 

The weighted distribution of radio-meteor  orbi ts  represents ,  as 

accurately a s  the data permi t  u s  to  determine it, the total orbi ta l  distribution 

down to a cer ta in  limiting m a s s  of all meteors  in orbi ts  that have perihelia 

at 2 1 a. u. and aphelia at I 1 a= 1-1. 
of the logari thms of observed m a s s e s ,  

Figure 1 gives the weighted distribution 

The optimum limiting m a s s  represent-  
-3 .  5 -4 

ing these  observations will be in  the range 1 0  to 10 g. 
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3. UNCORRECTED RELATIVE SPACE DENSITY 

Space density will  be discussed here  a s  a function of two dimensions in  

a plane normal  to the ecliptic through the sun. 

density of ecliptic longitude has been averaged out. 

used  a re :  r, distance f r o m  the sun in astronomical  units, and sin p, the sine 

of the heliocentric ecliptic latitude. 

Any dependence of space 

The two dimensions 

F o r  this computation, distance f rom the sun in  the range 0. 1 5 r 5 10 

is divided into 20 intervals,  and sine latitude i s  a l so  divided into 20 intervals.  

This yields 200 cells,  with boundaries: 

loglor 1 = -1. 0, -0.9, -0. 8, . . . , t 1 .  0 . 
sin p ) 

(3)  

3 
b' b The cel l  volumes a r e  proportional to r where r is either bounding r. 

In each  cel l  the relative space density is computed from the weighted 

sum of the residence t imes of a l l  meteors  passing through the ceii,  dividzr! 

by the volume of the cell. 

spends within a cel l  in  the course of one orbi ta l  revolution. 

t imes  in  the intervals  of radius vector a r e  computed exactly, but the sub- 

division into intervals of sine latitude within each radius vector interval is 

approximate.  The approximation used i s  to apportion the t ime within each 

interval  of radius vector a s  if the me teo r ' s  sine latitude had varied l inearly 

with t ime f r o m  i t s  value a t  one boundary of the interval  to i t s  value at the 

other  boundary. 

aphelion in any interval  of radius vector, the t ime was apportioned a s  i f  the 

sine latitude had varied l inearly f rom entering the interval to perhelion o r  
aphelion, and then l inearly a t  a different ra te  af ter  that. Table 1 presents  

dec imal  logarithms of these uncorrected relative space densities. 

The residence t ime is the t ime each me teo r  

The residence 

However, i f  the meteor  passed through perihelion o r  
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4. AVERAGES WITH RESPECT TO ARGUMENT O F  PERIHELION 

All the observed orbits necessar i ly  intersect  the ea r th ' s  orbit, and 

Table 1 shows a correspondingly large peak in density near  the ea r th ' s  orbit. 

A much better approximation to reali ty can be achieved by assuming that the 

longitudes of the nodes Q a r e  independent of the arguments  of perihelion w. 

In the present  context, this is equivalent to assuming that w is uniformly 

distributed from 0" to 360" independent of a, e, o r  i. In fact, complete 

uniformity is not expected, a s  will be discussed below, but the t rue d i s t r i -  

bution of w cannot be calculated without numerous fur ther  assumptions and 

a grea t  deal of effort. 

To compute the space-density average over  w, we implicit ly replace 

each observed meteor  by a set of me teo r s  that a r e  s imi l a r  except fo r  a uni- 

f o r m  distribution of w. 

cel ls  between its perihelion and aphelion, and between latitudes f i. 
the well-known relation 

Thus each observed meteor  will contribute to a l l  

F r o m  

sin f3 = sin i s in  (w t v) , (4) 

where v i s  t rue anomaly (invariant under the averaging),  it can easily be found 

that the relative frequency of values of s in  f3 in the range B1 5 sin p 5 B2 is 

F12 = 1 IT [ a r c s i n  (Z) sin 1 - arcsin(%)] s in  i . (5) 

Table 2 presents space densit ies averaged over  w .  

without approximations f r o m  equation (5). 

m e t r i c  about the ecliptic, only nor thern  latitudes a r e  presented. 

They w e r e  computed 

Since these  densit ies a r e  sym- 
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5. UNOBSERVABLE ORBITS 

Orbits with aphelia < 1 a. u. , o r  perihelia > 1 a. u., cannot be observed 

f r o m  the earth. 

essential. 

dimensional distribution of l / a  and e into the range of unobservable orbits.  

It is assumed, f o r  this purpose only, that the distribution of angular e lements  

i, w, and 52 is  independent of a and e. Table 3 gives the weighted d is t r i -  

bution of the 13,672 me teo r s  with respec t  to l /a and e. 

D in this a r r a y  is approximately fitted by the following empir ica l  formulas:  

A reasonable  cor rec t ion  for  these unobservable orbi ts  is  

The approximation used he re  is to extrapolate the observed two-  

The relative density 

D = A E  , 

(15 a i f a < l  
A =  

t Z 5 0  - 800 a - l  t 955 a -2  - 390 a-3, if a > 1 

(6) 
E = 4 t 6 e t 3 e 2 - 1 6 e  3 t 4 e  4 . 

Figure  2 shows the region in  the ( l / a )  - e distribution that can be observed 

at any given value of rad ius  vector.  

orbits is computed as a function of radius  vec tor  r, and is the rat io  of the 

integral  of D over  the region observable at r to the integral  over  the common 

region observable both at r and at the earth.  These rat ios  w e r e  computed 

by numerical  integration for the logarithmic midpoints of the radius  vector  

cells used f o r  computing density. 

form. 

yielded correct ion factors  whose logari thms ag reed  with Table 4 to about 10%. 

They included formulas  where the eccentr ic i ty  distribution was  made to 

depend upon the major  axis, giving proportionately m o r e  low eccentricit ies 

in smal l  orbits and high eccentr ic i t ies  in la rge  orbits.  

The co r rec t ion  factor for unobservable 

They a r e  pr inted in Table 4 in logarithmic 

Numerical experiments  in  fitting formulas  other  than (6) to the data 
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1 /a 
2. 0 

1.9 

1. 8 
1 .7  

Table  3. Weighted relative distribution of l / a  and e in the 
observed sample of meteors  

6 
37 5 

85  40 21 

69 9 3  66 84 

30 55 91 188 53 

39 59 60 113 120 37 

2 38 98 219 50 136 101 46 

5 55 130 99 149 273 148 134 42 

76 161 116 289 309 107 174 137 64 

80 182 142 127 404 62 160 193 98 80 
118 169 264 398 232 206 160 394 171 72 

202 276 301 308 429 403 164 200 84 

272 206 372 485 257 197 205 57 

1. 6 
1 . 5  

1 . 4  

1. 3 

1. 2 

0.9 

0. 8 

0. 7 

0. 6 
0. 5 

0 .4  

0. 3 

0. 2 

0. 1 

0. 0 

201 549 375 429 199 267 66 

319 555 606 431 189 73 

656 689 376 221 1 2 3  

462 800 291 99 
403 342 98 

553 237 

231 
118 

-co 
0 . 0  0.1 0 .2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 .Oe 
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Table 4. Correct ion f ac to r s  for unobservable eccentr ic i t ies  

-1.0 

-0.9 

-0. 8 

-0 .7  

-0. 6 

-0. 5 

-0.4 

-0. 3 

-0. 2 

-0.1 

0. 0 

logl correct ion 

1. 099 

0.962 

0.828 

0.695 

0.566 

0.443 

0. 326 

0. 219 

0.122 

0. 038 

0. 0 

0. 1 

0. 2 

0. 3 

0. 4 

0. 5 

0. 6 

0. 7 

0. 8 

0. 9 

1 .0  

logl correct ion 

0. 048 

0.150 

0. 260 

0.375 

0.488 

0.597 

0.706 

0.818 

0.935 

1.055 
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0 
1 
u, 
X 

ECCENTRICITY e 

Figure  2. The region in the ( 1  /a) - e distribution that can be  observed 
at a distance r f rom the sun is a triangle bounded above and 
below by a(1 t e) = 1 / r  and a ( l  - e) = 1 /r, respectively.  
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6. CORRECTED RELATIVE SPACE DENSITIES 

Table 5 presents  the logarithms of the final cor rec ted  relative space 

Figure 3 shows these as functions of radius  vector ,  in 

Figure 4 shows them a s  functions of la t i -  

densit ies computed. 

the ecliptic and at latitude f 30". 

tude, at three different values of radius vector. Finally, F igure  5 shows 

contours of space density in a plane normal  to the ecliptic, a t  two different  

scales.  Generally speaking, the neighborhood of the ear th  i s  not an excep- 

tional region in any of these figures;  this fac t  may be taken as one qualitative 

confirmation that appropriate  cor rec t ions  have been made to the observations.  

One exception to this generalization is  the bump appearing in Figure 3 n e a r  

r = 1, on the curve €or p = f 3 0 " .  

a s  the result  of a cor re la t ion  between i and e in meteor  orbits,  cont ra ry  to 

the assumption made when the cor rec t ion  was being made for unobservable 

orbits. A m o r e  exact cor rec t ion  would be expected to r a i se  the r e s t  of the 

curve so as  to  eliminate the bump. 

This bump is probably to be understood 

Only a very  modest  relative inc rease  in  space density appears  in  the 

as te ro id  region - perhaps 15% over a smooth distribution, and perhaps only 

a statist ical  fluctuation. 

considerable excess  in meteor  space density in  the a s t e ro id  belt, because 

asteroidal  orbi ts  cannot be observed on ea r th  and Table 3 cannot be safely 

extrapolated to such orbits. 

as te ro ids  does mean, however, that l e s s  than the o r d e r  of 570 of the r ada r  

me teo r s  originated in the as te ro id  bel t  and have also kept near ly  their  

original orbits. 

Of course,  this does not mean that there  is no 

The absence of a concentration near  the 

Observed orbi ts  of short-per iod comets  a r e  a m o s t  instructive paral le l  

f o r  meteor  orbits.  

short-per iod comets,  their  orbi ts  will tend to r e semble  those of short-per iod 

comets,  because "capture" by Jupiter h a s  similar effects  either on the comet  

Whether the me teo r s  a r e  supplied f r o m  long-period o r  
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Figure  3. 
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ZODIACAL CLOUD 
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LOG RADIUS VECTOR 

space density of radio m e t e o r s  
par t ic les  (dotted line). 

a s  

+ I  

functions of r, and of 
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orbi ts  o r  on the me teo r  orbi ts  a f te r  the me teo r s  have left the comet. 

dip in space density that is evident in Figure 3 beyond Jupiter 's  orbi t  is 

readily understood as a concentration of aphelia near  Jupiter, just  a s  in 

Jupiter 's  "family" of comets. 

The 

0.0 0.5 
sin B 

I 

Figure  4. Relative space density of radio me teo r s  a s  a function of sin p, 
and zodiacal particles (dotted line). 

Outside the initial perihelion distance, a particle spiraling into the sun 

under  the Poynting-Robertson effect has a radial  density distribution with a 

slope at leas t  as s teep  as -2. 5 in  Figure 3 (cf., Southworth, 1964). The 

cu rves  in  F igure  3 a r e  appreciably flatter,  which strongly suggests that 

these  m e t e o r s  do not, on the average, pe r s i s t  long enough to sp i ra l  in. 

P re sumab ly  they a r e  destroyed by collisions. 

Another aspect  of the concentration of aphelia to Jupiter 's  orbi t  is the 

concentration of values of w for  comets toward 0" and 180" (Porter ,  1963). 
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Meteors  may be expected to show some such concentration of values of w, 

partly because of initial capture  by Jupiter,  and partly because the r e g r e s -  

sion of the nodes under la te r  Jupiter perturbations is not a t  uniform speed. 

A s  Moulton (1914) remarked,  and a s  Whipple (1950) showed specifically for 

Comet Encke, the ra te  of change of w i s  fas te r  when w is near  90" o r  270" 

than when w is nea r  0" o r  180". 

The effect  on space density of a concentration of values of w n e a r  0" and 

180" is to shr ink the density distribution far f r o m  the sun to low latitudes, 

because the m e t e o r s  a r e  then n e a r  their  aphelia, which a r e  nea r  the ecliptic. 

I have discussed (Southworth, 1967) the mean space distribution when the 

orbi ts  evolve under the Poynting-Robertson effect and w is concentrated in  

this way. The conclusion reached there  is that, at g r e a t e r  dis tances  f r o m  

the sun than two o r  three t imes the mean of the original perihelion dis tances ,  

the distribution of latitudes will be compressed  toward the ecliptic. 

the sun, the distribution of latitudes will ref lect  the distribution of inclinations 

without bias. F igure  4 clear ly  shows that the distribution of latitudes of 

radio m e t e o r s  is broader  near  the sun, confirming the argument  stated above. 

The sp read  in  latitude in  the innermost  curve  ref lects  a broad distribution of 

inclinations, and helps to conf i rm that the orbi ts  a r e  comparable to those of 

sho r t  - pe r io d c omet  s . 

Neare r  



7. COMPARISON WITH ZODIACAL CLOUD 

Figures  3 and 4 also show curves of density distribution derived 

f r o m  observations of the zodiacal light (Southworth, 1967).  When they 

were  derived it was assumed for convenience that the latitude distribution 

was independent of distance f r o m  the sun. 

F igure  3 is necessar i ly  a blending of latitude curves  appropriate  to different 

distances.  All  the information came  f rom distances between 0. 5 and 2 a.u. , 
but while the low latitudes w e r e  mostly seen  in the neighborhood of the earth,  

the high latitudes were  most ly  observed n e a r e r  the sun. 

region n e a r e r  the sun s e e m s  to have been contaminated by ex t ra  strong light. 

Thus the zodiacal-cloud curve  could be plausibly reconciled with the meteor  

curves:  they ag ree  at low latitudes near  the ear th;  they ag ree  at higher 

latitudes n e a r e r  the sun; and the zodiacal curve  is probably wrong at the 

highest latitudes. 

Thus each latitude curve  in 

Moreover, the 

The radial  distribution of density fitted to the zodiacal light h a s  been 

drawn in Figure 4 so as to in te rsec t  the low-latitude me teo r  curve  at the 

earth. (This does not imply anything about their  absolute densit ies.  ) The 

zodiacal distribution is appreciably s teeper  than the me teo r  distributions. 

It is not cer ta in  that the difference is statist ically significant, because the 

zodiacal light was near ly  a s  well  fitted by rad ia l  distributions a lmost  exactly 

matching those of the meteors .  

hypothesis made above that m e t e o r s  a r e  eliminated by collisions ( o r  other  

p rocesses )  a s  well as by the Poynting-Robertson effect. 

par t ic les  spiral in  fas te r  and have l e s s  c r o s s  sect ion for  collisions, they 

will be m o r e  concentrated to the sun than a r e  the meteors .  

Nonetheless, the difference supports  the 

Since the zodiacal 
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8.  CONCLUSIONS 

The relat ive space density, in  the range 0. 1 to 10. 0 a. u. f r o m  the sun, 
- 3  It shows of me teo r s  in the m a s s  range 1 0  

a broad  maximum near  the ecliptic plane, and a deep minimum near  the 

ecliptic poles. 

to l o - *  g, has  been computed. 

The re  i s  l i t t le  evidence for an asteroidal  origin for these meteors .  

Planetary perturbations and collisional destruction appear  important in  their  

evolution. 
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ORBITAL DISTRIBUTION O F  METEORS OF LIMITING MAGNITUDE 

t 6  OBSERVED FROM THE SOUTHERN HEMISPHERE 

C a r l  S. Nilsson 



ABSTRACT 

A radio survey of orbi ts  of meteors  of limiting magnitude t 6  was car r ied  

out a t  Adelaide, South Australia,  during 1961, 

f o r  observational and astronomical selection, and the distributions of 1900 

orbi ts  a r e  compared to those of other surveys,  particularly to those of the 

faint  photographic survey of McCrosky and Posen (1961). 

f o r  s t r eam orbi ts  and sporadic orbits a r e  given separately.  

Each  orbi t  has been weighted 

The distributions 

The two most  noteworthy distributions are those with perihelion distance 

and longitude of perihelion. The la t ter  shows evidence of Jupiter alignment 

f o r  the sporadic meteor  orbi ts ,  which, however, s t i l l  does not differentiate 

between an asteroidal  o r  cometary source.  
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ORBITAL DISTRIBUTION O F  METEORS O F  LIMITING MAGNITUDE 

t 6  OBSERVED FROM THE SOUTHERN HEMISPHERE 

C a r l  S. Nilsson 

1. INTRODUCTION 

This paper presents  the orbital  distributions of 1900 me teo r s  detected 

during a radio survey of meteor  orbi ts  ca r r i ed  out a t  Adelaide, South 

Austral ia ,  during 1961. 

in the Northern Hemisphere at varying magnitudes. 

measured  the orbi ts  of over 2000 meteors  of limiting radio magnitude t8; 
McCrosky and Posen (1961) analyzed the t r a i l s  of 2500 me teo r s  of limiting 

magnitude t 3  photographed simultaneously f r o m  two c a m e r a  stations;  and 

Hawkins (1962) has extended radio measurements  of meteor  orbits to magni 

tude t10 .  Kascheyev, Lebedinets, and Lagoutin (1960) have also made a 

similar r a d a r  survey of meteor  orbi ts  of a limiting magnitude of about t7, 

but none of these northern surveys  has been able to include radiants south 

of declination -20". 

+6 and include both overdense and underdense meteor  t ra i l s .  

will be br ie f ly  compared to those of the northern surveys mentioned above. 

Several  surveys of this type have been undertaken 

Davies and Gi l l  (1960) 

Our observations extend to me teo r s  of radio magnitude 

Our resu l t s  

This  work  was supported in p a r t  by grant NSR 09-015-033 f r o m  the 
National Aeronautics and Space Administration. 
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2. OBSERVATIONAL TECHNIQUE 

The radio equipment consists of a combination of CW and r ada r  on 

27 mc / sec ;  the CW transmitt ing power was only 300 w, and this limited the 

survey to meteors  giving r i s e  to line densit ies grea te r  than 

3 X 1013 e lec t rons /m.  

about t 6  (McKinley, 1961). 

Weiss and El ford  (1963). One feature of the sys tem is that not only a r e  the 

velocity and trail orientation measured f o r  each  meteor ,  but a lso the actual 

positions of the three specular reflection points a r e  uniquely determined. 

The heights of each  reflection point a r e  measured to f 2 km. 

This l imit  corresponds to a radio magnitude of 

The equipment has been described in detail  by 

W e  have corrected the apparent reflection-point positions for  wind shea r  

f r o m  the measures  of Doppler drift  a t  each  reflection point. 

measured the antenna radiation patterns,  we a r e  able to determine the e lec-  

t ron line density at each  reflection point. Thus, assuming a cer ta in  vapori-  

zation theory, the m a s s  of each  meteor  could be calculated. A m o r e  com- 

plete description of the observational method, data  processing, geocentric 

corrections , and accuracy of resu l t s  has  been published previously (Nilsson, 

1964). 

Also, having 

Weighting against  selection effects is of the grea tes t  importance in the 

attempt to derive r ea l  distributions of meteor  orbi ts  in space,  so  I shal l  

briefly describe the weights applied to these data.  

F i r s t ,  there  a r e  the selection fac tors  inherent in the radio method of 

observation. 

relationship probably being of the f o r m  

Elec t ron  line density depends heavily on meteor  velocity, the 
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where the subscr ipt  r e f e r s  to the point of maximum ionization. 

of q has been variously determined to be between 3 and 5; and the most  

recent  work (Verniani and Hawkins, 1964) confirms the value 4.0 chosen to 

weight the orbi ts  of this survey. 

The value 

Because of the location of the observing station, cer ta in  radiant declina- 

tions a r e  more  favored than others ;  f r o m  the known equipment parameters  i t  

has been possible to calculate direct ly  the expected echo ra te  as a function 

of declination. 

tions of var ious showers have been used to verify the equipment response as 

a function of radiant position, and each orbit  has been weighted according to  

the declination of its radiant. 

This is shown in Figure 1. The observed diurnal-rate  var ia-  

a 
w > 

\ ADELAIDE (35"s) 

0 
-90 -60 -30 0 + 30 +60 +90 
S RADIANT DECLl N ATlON N 

Figure  1,  The calculated meteor-echo ra te  for  the Adelaide equipment a s  
a function of radiant declination. 

Some other selection fac tors  have also been considered: Certain hours 

of observat ion were  more  frequently interrupted than others,  and there was 
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some dependence of the number of echoes reduced on the F r e s n e l  diffraction 

frequency. These factors  were  included. Whipple (1955) has suggested that 

rapid diffusion of the ion column of high-altitude meteors  inhibits their  

observation by radio techniques. 

with velocity; hence , the high-velocity meteors  will be selectively d iscr imi-  

nated against, with a concomitant effect on the orbit  distributions. 

effect does not s e e m  s o  ser ious in practice as theory suggests.  

distribution in  Figure 2 does not differ markedly f r o m  the faint photographic 

meteor-velocity distribution found by McCrosky and Posen (1961). 

c lass ica l  vaporization theory (Weiss, 1959), we expect that the atmospheric 

density a t  the height of maximum ionization 

The height of maximum ionization increases  

This 

The velocity 

F r o m  the 

will be given by Pmax 

-2 
00 

cos x - v PInax 

where x is  the zenith angle o the radiant. F r o m  a stuLy of the distributions 

of echo heights of the meteors  observed a t  Adelaide, it was found (Nilsson, 

unpublished) that the exponent of Vo3 in (2)  was about -1 .1  ra ther  than -2.  

This held f o r  the s low meteors  a s  well as f o r  the fas t  ones, and is consistent 

with the results of Greenhow and Hall (1960), who found the exponent of V 

in (2)  to be between -1.0 and -1. 5. 
does not vary a s  markedly with velocity as theory suggests.  

00 

Thus the height of maximum ionization 

Finally, there  is the astronomical  weighting factor ,  which involves the 

probability that a meteor  of given orbi ta l  e lements  will collide with the ear th .  

Fortunately, all the meteor  distributions shown here  f r o m  var ious  radio and 

photographic surveys have used the same fac tor ,  the original derivation of 

which is due to opik  (1951): 

V sin i 1 /2 
wcc L. V2 (f-$3) J 

co 
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where W is the weight, V 

the velocity at the top of the atmosphere,  i is the inclination of the orbit ,  
i s  the geocentric velocity of the meteor ,  Voo is 

g 

r is the sun-ear th  distance, a is the semimajor  axis, and p = a(1 - e  2 ). 

300 

u) a 
8 

200 
I 
IL 
0 
a 
W rn 
H 100 
3 z 

0 20 40 60 80 
Vo kmlsec 

all meteors .  g 
F igu re  2. The observed distribution with geocentric velocity V f o r  
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3. DISTRIBUTIONS O F  ORBITAL ELEMENTS 

The distributions a r e  presented a s  double histograms, the shaded a r e a  

representing the contribution due to meteor  s t r eams ,  both major  and minor.  

By analyses of orbit  associations (Nilsson, 1964), about 29% of the weighted 

total of orbits can be significantly associated into groups of three or  more  

orbi ts .  The top histogram, in each case,  represents  a l l  the me teo r s  observed 

in the survey; the lower one represents  the sporadic, o r  unresolvable, back- 

ground; and the shaded a r e a  in between shows the contribution of a l l  the 

s t r eams .  

city V of 2040 meteor  velocities observed at Adelaide. The observed 

values of velocity have been corrected for  retardation through the ea r th ' s  

atmosphere,  f o r  diurnal motion of the observer ,  and for  the ea r th ' s  gravita- 

tional attraction. This distribution is consistent with those of other surveys,  

the modal value being about 30 km/sec .  I t  is the only Adelaide radio-survey 

distribution presented here  that has not been weighted for  selection, a s  i t  is 

more  useful fo r  comparison in this form.  

Figure 2 shows the unweighted distribution with geocentric velo- 

g 

A comparison of various distributions with the reciprocal  semimajor  

axis l / a  is  given in F igures  3(a) to 3(e).  

o rde r  of decreasing brightness and c lear ly  show a steady increase  in the 

proportion of short-period orbi ts  as  we proceed to fainter magnitudes. 

Negative values of l / a  signify orbi ts  that have been calculated to be hyper- 

bolic. In view of the known experimental  e r r o r  of the o r d e r  of 0 .  1 in l / a ,  

no significant number of hyperbolic orbi ts  were found in the Adelaide data, 

shown in Figure 3(c). 

between the faint  photographic survey of McCrosky and Posen (1961) a t  

limiting magnitude t 3  and the radio survey of Davies and Gill (1960) a t  

limiting magnitude t8 .  

the Harvard Radio Meteor Pro jec t  (Southworth, unpublished) is quite 

noticeable. 

The distributions a r e  arranged in 

This distribution appears  to fi t  quite consistently 

The s imi la r i ty  of the la t te r  distribution with that of 
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As Davies and G i l l  allowed for  observational selection in quite a different 

manner  from Southworth, this suggests that the distributions with l / a  a r e  not 

ve ry  sensit ive to  observational weighting. 

Figure 4 shows the distribution with eccentr ic i ty;  i t  i s  of normal  appear -  

ance and shows the usual tendency f o r  s t r e a m s  to have high eccentr ic i t ies .  

50 

40 - 
m 
U 

L L  
0 

30 

!? 20 
W 
0 
U 

IO 

0 

- 
ADELAIDE 

ALL ORBITS, WEIGHTED 
- 

- 

0.2 0.4 0.6 0.8 I .o 1.2 I .4 

ECCENTRICITY, e 
Figure  4. The distribution with eccentr ic i ty  e .  

TWO distributions with inclinations a r e  given in F igure  5 for  the Adelaide 

data.  

a r e  generally, but not ent i re ly ,  concentrated in d i r ec t  o rb i t s  within 40" of the 

ecliptic plane. F igure  5(b) gives the dis t r ibut ion with inclinations f o r  the 130 

orb i t s  f o r  which e < 0 . 5 .  It s e e m s  to be of the s a m e  f o r m  as that for  all values 

of eccentricity,  although the median value of inclination f o r  the low-eccentricity 

orbi ts  i s  50° ,  compared to 36" for  all the orbi ts .  

about by the s t r e a m  content of the orb i t s  with e > 0. 5 ;  the median values of 

In Figure 5(a),  for  a l l  values of eccentr ic i ty ,  we can see  that the s t r e a m s  

This  difference i s  brought I 
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, 

inclination f o r  the sporadic content a r e  the same  for  each  distribution, v iz . ,  

42". 

mos t  noticeable being the Puppid s t r eam a t  70". 

tr icity,  belongs to the c lass  of orbits described by Hawkins (1962) a s  

"toroidal. ' I  

There a r e  a few minor associations of orbi ts  a t  high inclinations, the 

This s t r eam,  of low eccen-  

20 
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0 0.4 re 
W b n 
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0 30 60 90 I20 I50 I80 

INCLINATION, i. 

Figure  5. Distributions with inclination i for  (a) a l l  orbits,  
(b) orbi ts  with e < 0. 5. 

The distribution with perihelion distance fo r  the Adelaide data, given in 

F igure  6(d), is quite different f r o m  that obtained by other surveys.  Figure 6(a)  

shows an observed distribution for  369 comets  with perihelia < 1.9 a. u . ,  com- 

piled by McCrosky and Posen (196;) f rom the Baldet 2nd De Obaldia catalog. 

F r o m  a study of absolute brightness as  a function of perihelion distance, 

McCrosky and Posen  concluded that the distribution was reasonably t rue out 

to 1 a .u .  It s e e m s  obvious, however, that the peak a t  1 a .u .  is due to 
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Figure 6. Distributions with perihelion distance q: (a) the distribution f o r  
369 comets with q < 1.9  a.  u. ( f rom McCrosky and Posen,  1961); 
(b) faint  photographic survey ( f rom McCrosky and Posen, 1961); 
(c)  Harvard radio survey (Southworth, unpublished); (d) Adelaide 
radio survey. 
s t r  e a m s  . 

The shaded portion shows the contribution of 
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observational selection. 

is certainly s imi la r  out to 1 a.  u . ,  and it is supported by the Harvard Radio 

Meteor data shown in F igure  6(c). The Adelaide data, in contrast  with the 

above, show a marked dec rease  in weighted numbers  as the perihelion d is -  

tance inc reases  out to 1 a .u .  

small perihelion distances,  corresponding to orbi ts  of moderate  s ize  and 

high eccentr ic i t ies .  

responsible for  this major  difference between surveys,  a s  the other d i s t r i -  

butions contain both sporadic and s t r eam orbi ts ,  s o  we can simply compare 

the distributions fo r  a l l  the meteors  observed. 

Adelaide survey observed m o r e  short-period high-eccentricity orbi ts  than 

the other  surveys,  and i t  will be interesting to see  if this distribution is con- 

f i rmed  by any other surveys around limiting magnitude t 6 .  

The distribution for  faint photographic me teo r s  

The s t r eam contributions a r e  quite marked a t  

Incomplete separations of s t r e a m  orbi ts  a r e  not 

It thus appears  that the 

F igure  7 shows the distribution with aphelion distance.  This distribution, 

of course,  is strongly influenced by the fact  that a meteor  orbi t  mus t  c r o s s  

that of the e a r t h  to be observed. 

observed orbits,  and the bulk of the orbits have aphelia between the orbi ts  of 

M a r s  (1. 5 a. ti.) and Jupiter (5. 2 a. u.). 

to detect  the influence of Jupiter on the aphelion alignment of the low- 

inciinaiiori rxiciiiibera zlf t h c s e  zrlsits, s ~ c h  as is observed f o r  the short-per iod 

comets  and the asteroids .  

nounced maxima in number against  longitude of perihelion around 13", the 

longitude of perihelion of Jupiter 's  orbit. This can be clear ly  seen in 

F igure  8(a)  (McCrosky and Posen, 1961) and Figure 8(b) (Por te r ,  1952). 

Hence q < 1 . 0  and q'  > 1.0 a. u. for  all 

This suggests that we may  be able 

The la t te r  two se t s  of bodies both show pro-  

Jacchia  and Whipple (1961) and McCrosky and Posen have looked for  

signs of this alignment in their  data, shown in F igures  9 ( a )  and 9(b), respectively,  

but without success .  If a sufficient number of comets,  o r  as teroids ,  a r e  

sou rces  of these meteors ,  we should expect to see  a similar distribution 

f o r  me teo r s ,  since the longitude of perihelion is not perturbed ve ry  quickly. 
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Figure 7 .  The distribution with aphelion distance 9'. 

McCrosky and Posen suggested that the bright meteor  distributions 

could be explained if only relatively few comets that approach close to the 

ear th ' s  orbit were responsible for  most  of the meteor  population. 

the distribution with longitude of perihelion would vary  f r o m  time to t ime, 

depending on the par t icular  sources  a t  hand. The perihelion longitudes of 

the six close-approach comets satisfying their  conditions of observation f o r  

the Northern Hemisphere do, in fact, lie near  the maxima of the bright- 
meteor  distribution. 

the abscissa  in Figure 9(a). There appears  to be little correlation, however, 

with the distribution for the faint photographic me teo r s  shown in F igure  9(b).  

The Adelaide data a r e  r a the r  instructive in  this study. 

a r e  those within 30" of the ecliptic plane with aphelia between 3 and 5 a .u .  

f r o m  the sun. 

all  orbits shows a maximum-to-minimum range similar to the bright meteor  

Thus, 

These longitudes a r e  marked by a r rows  underneath 

The orbi ts  selected 

It can be seen  f r o m  Figure  9(c)  that the total distribution f o r  
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distribution, although there  is only one pronounced peak, not two. The 

s t r e a m s  a r e  heavily concentrated in the region 70" < IT < 180". 

were  made reasonably uniformly throughout the year ,  so  this concentration 

is real ,  a t  l ea s t  for  1961. When the s t r eam orbi ts  a r e  subtracted,  however, 

the remaining sporadic distribution does indeed show a simple maximum 

nea r  the expected longitude of 13". 

alignment, consistent with short-period cometary injection, fo r  example, 

o r  i t  could be the resu l t  of aphelion capture by Jupiter f r o m  some other 

original distribution. In the la t te r  case,  longer meteor  l ifetimes a r e  required,  

as this alignment would probably take at  l eas t  approximately 10 

eventuate. 

Observations 

This could either show the original 

5 yea r s  to 

F o r  completeness,  I have included in Figure 9(c)  the longitudes of the six 

short-per iod comets f r o m  P o r t e r ' s  (1952) list that closely approach the 

ea r th ' s  o rb i t  and could give r i s e  to meteor  radiants visible in the Southern 

Hemisphere.  These, not unexpectedly, a r e  grouped near  13" and do not 

cor re la te  with the total maximum between 70" and 180". There is, thus, 

l i t t le support  f r o m  the Adelaide data f o r  the suggestion that these par t icular  

comets determine the total distribution with longitude of perihelion. Other 

c l a s ses  of comets,  such as the long-period comets that have m o r e  random 

distributions with iongiiude of perihelisn, m i y  indeed contribute a significant 

proportion of the meteor  population. 

Whipple (1954) has  introduced an empir ical  comet-asteroid c r i te r ion  K, 
defined by 

which is positive f o r  most  cemet  orbits and negative for  most  as teroid orbits.  

This  index is thus quite helpful in any discussion of the general  charac te r -  

i s t i c s  of meteor  orbi ts  and their  origin, and i t  is interesting to see how the 

orb i t s  are distributed with respec t  to this cr i ter ion.  

dis t r ibut ion f o r  the Adelaide data.  

F igure  10 gives the 

Most of the orbi ts  have K > 0,  par t icular ly  
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those associated with s t r eams ,  but a significant proportion have K < 0.  

proportion appears  to increase a s  fa inter  magnitudes a r e  considered. 

Whipple's (1954) analysis of bright meteors  showed 6Towith K < 0 ;  McCrosky 

and Posen (1961) found 26y0 of their  fa int  photographic meteors  to  have 

orbi ts  f o r  which K < 0. F r o m  the Adelaide data, about 22% of the observed 

numbers of orbits have K < 0,  but only 1770 of a l l  the weighted orbits have 

K < 0.  

This 
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Figure 10.  Distribution of Adelaide data  with K index. 

The proportion is  grea te r ,  however, if s t r e a m s  a r e  excluded; about 2170 

of the weighted sporadic orbits have K < 0 .  I t  is surpr i s ing  that this f igure 

is  a little less than that found for  the faint photographic meteors ,  in view of 

the fainter  limiting magnitude of the Adelaide data, but fur ther  comments on 

this a r e  better left until f igures f r o m  other  surveys  a r e  available. 
1 
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I t  remains to look at the distributions of the orbi ts  for  which K < 0. 

definition, they will be sma l l e r  and of lower eccentricity than those f o r  

which K > 0. This is obvious in F igures  l l ( a )  and l l ( b ) .  The distribution with 

inclination is shown in F igure  11 (c). The orbi ts  a r e  predominantly d i r ec t  

with inclinations < 70"; however, the distribution does not drop  between 0" 

and 20", as do the two distributions in Figure 5 for  orbi ts  with all values of 

K. The distribution can be described quite well by a simple cosine law out 

to 90" inclination. 

generally confined to within 30" of the ecliptic plane. 

s t r e a m  meteors ,  however, does not show a maximum until 30" and extends 

out to 60". 

comets,  then perturbations must  have extended the distribution with inclination 

out and away f r o m  the ecliptic. 

"asteroidal" orbi ts  s eems  to indicate, therefore,  that e i ther  the source,  o r  

the age, o r  both, of at leas t  some of these meteors  is different. In fact, 

they m a y  well  be asteroidal  in origin. 

By 

Now, both the short-period comets and the as te ro ids  a r e  

The distribution of 

If the stream meteo r s  mostly originate f r o m  the short-period 

The distribution in F igure  l l ( c )  for the 

F igure  11 (d) shows the distribution with perihelion distance f o r  these 

By definition of K, we have excluded orbits with e > 0 .9 ,  so it i s  orbi ts .  

not surpr i s ing  to see that the peak a t  small  perihelion distance shown in 

F igu re  6(e)  has  disappeared, and that the distribution for  the asteroidai  

orb i t s  is essent ia l ly  flat  out to 1 . 0  a. u. 
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